W&M ScholarWorks
Dissertations, Theses, and Masters Projects

Theses, Dissertations, & Master Projects

2006

Studies in CPT violation and 331 models
David L. anderson
College of William & Mary - Arts & Sciences

Follow this and additional works at: https://scholarworks.wm.edu/etd
Part of the Physics Commons

Recommended Citation
anderson, David L., "Studies in CPT violation and 331 models" (2006). Dissertations, Theses, and Masters
Projects. Paper 1539623495.
https://dx.doi.org/doi:10.21220/s2-ba7g-vx38

This Dissertation is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu.

STUDIES IN CPT VIOLATION AND 331 MODELS

A Dissertation
Presented to
The Faculty of the Department of Physics
The College of William and Mary in Virginia

In Partial Fulfillment
O f the Requirements for the Degree of
Doctor of Philosophy

by
David L. Anderson

2006

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

APPROVAL SHEET

This dissertation is submitted in partial fulfillment of
the requirements for the degree of

Doctor of Philosophy

David L. Anderson

Approved by the Committee, July 2006

Marc Sher, Chair

2
Carl E. Carlson

Christopher D. Carone

Jeffrey K. Nelson

1

A os^L . Goity
Jefferson National Laboratory
n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DEDICATION

To all those willing to wander where their wondering leads them; even at the risk of
appearing lost.

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS

Page

Acknowledgements ................................................................................................

vii

List of T ables.............................................................................................................. viii
List of F ig u r e s........................................................................................................

x

Abstract....................................................................................................................

xi

CHAPTER
1 Introduction................................................................................................

2

2

1.1

The Standard Model

.................................................................................

2

1.2

Extending the Standard M o d e l .................................................................

3

1.2.1

CPT Violating E x ten sio n ...............................................................

4

1.2.2

331 M o d e ls ......................................................................................

5

1.2.3

Multiple Extensions at O n c e ........................................................

6

Lorentz and CPT Violation in the Higgs S ector.......................................

9

2.1

Introduction .................................................................................................

9

2.2

Bounds on the CPT-even antisymmetric coefficients.............................

11

2.3

Coordinate and field redefinitions and the symmetric coefficients . . .

18

2.4

Bounds on the CPT-odd coefficient..........................................................

22

2.5

C o n c lu s io n .................................................................................................

23

iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3 331 Models with Unique Lepton Generations..........................................

26

3.1

Introduction .................................................................................................

26

3.2

Models

.......................................................................................................

28

3.3

The Scalar S e c to r .......................................................................................

31

3.4

Yukawa Couplings

33

3.5

Leptonic Flavor-changing Decays

3.6

Lepton-number violating Higgs D e c a y s ...................................

39

3.7

Bounds on the Gauge Boson S e c t o r ......................

42

3.8

C onclusions.................................................................................................

44

CPT Violation in 331 Neutrinos..................................................................

45

4.1

Intro d u ctio n .................................................................................................

45

4.2

The M o d e ls .................................................................................................

47

4.3

The Appearance of CPT V io la tio n ..........................................................

52

4.4

C o n c lu s io n .................................................................................................

56

5 Conclusion...................................................................................................

58

APPENDIX A
Probing the Light Pseudoscalar Window ......................................................

61

4

....................................................................................
..........................................................

38

A .l

Introduction.................................................................................................

61

A.2

Constraints in Two-Doublet M o d e l s .......................................................

65

A.2.1

Decay M o d e s .................................................................................

66

A.2.2

K d e c a y s ........................................................................................

67

A.2.3

B d e c a y s ........................................................................................

70

A.2.4

Leptophobic Pseudoscalars...........................................................

71

A.3 Fermiophobic P se u d o sc a lars....................................................................

72

A.4 Production at Jefferson L a b .......................................................................

77

A.5

82

C onclusions.................................................................................................

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

APPENDIX B
331 Mass Matrices for Charged Leptons

84

Bibliography...........................................................................................................

87

V i t a ..........................................................................................................................

99

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGMENTS

I would like to thank my parents, for providing the encouragement necessary to, and
the genetics helpful for, pursuing a career in physics.
Thank you to my brother, for demonstrating that humans can survive far worse things
than doing homework at 6 :0 0 am, and do so with good cheer.
I would like to thank Dr. Marc Sher for being my advisor and providing humor in
addition to the impetus for my research, even if the impulses for the latter were not always
in phase with my natural frequency.
Thanks to all my friends here in Virginia, for making the past five years a worthwhile
and enjoyable endeavour.

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF TABLES

Table

Page

2.1 Estimated upper bounds for the Lorentz and CPT violating coefficients in
the Higgs sector of the SME..............................................................................

24

3.1 Anomalies for the Fermion F a m ilie s ...............................................................

30

3.2 Yukawa coupling matrices to <f>i and $ 2 for Model A. All entries are to be
divided by y j v \ +
= 175 GeV. The specific models are discussed
in the text..............................................................................................................

37

3.3 Yukawa coupling matrices to $ 1 and <&2 for Model B. All entries are to be
divided by \ / v \ + v \ f \ j 2 = 175 GeV. The specific models are discussed
in the text..............................................................................................................

37

3.4 The fermionic branching fraction into various final states for the Higgs
that does not couple to the b-quarks in the various models. We have ex
plicitly assumed no mixing between the Higgs scalars, and that top quark
decays are not kinematically accessible. The decay into gauge bosons
will dominate if they are kinematically accessible..........................................

40

3.5 The C y and C a for the various lepton families. A common factor of
„
e h— has been factored out of each. Note that Ca is the same for L\ 3 4 .
DCOS0VP

43

A.l The allowed ranges for the charged Higgs mass (in GeV) for K s , K L,
K ± , and B decays. The four ranges overlap for all ta n j3 shown.................

69

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A.2 The number of pseudoscalars traversing at least one meter for various
values of the beam energy and ta n /3 in the two-doublet model with pho
toproduction off the strange quark sea. We have assumed a luminosity of
1034 cm - 2 sec - 1 and a pseudoscalar mass of 100 MeV. Most will decay
into an electron-positron p a ir............................................................................

79

A.3 Photoprodution event rate per year in the fermiophobic scenario, with
M f — 200 GeV and A = 1. The total luminosity is taken to be 1034 cm -2
s _1 and a Bremsstrahlung photon spectrum is assumed between 1 GeV
and the beam energy............................................................................................

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OF FIGURES

Figure

Page

2.1

One-loop contributions to the photon vacuum polarization involving Lorentzviolating interactions to second order. These diagrams are for
case but
similar diagrams exist for the other antisymmetric coefficients. Here the
wavy (dashed) line circulating in the loop represents W boson (charged
Goldstone boson). Each blob in vertices, VF-propagator or W —<j) mixed
propagator represents a single Lorentz-violating coefficient insertion. The
rest of the diagrams can be obtained by permutations of these 9 diagrams.
15

A .l

The branching ratio for K L —> 7r°A for two values of ta n /? as a function
of the charged Higgs mass. We choose M A = 150 MeV. The experimental
bound is approximately 4 x 10- 8 ......................................................................

67

A.2

Allowed parameter space for the fermiophobic scenario..............................

76

A.3

Parton-level production photoproduction cross section in the fermiopho
bic scenario as a function o f center of mass energy, with M p = 200 GeV
and A = 1..............................................................................................................

80

Photoproduction cross section in the fermiophobic scenario, as a function
of photon beam energy in the lab frame, with M F = 200 GeV and A = 1.

81

A.4

x

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABSTRACT

The Standard Model of particles and fields has been around for about 30 years, and
has been remarkably successful. However, it is widely believed to be incomplete, and
theorists have studied various extensions to the model. These extensions can take many
forms. An example of this is the framework Colladay and Kostelecky have proposed for
studying Lorentz and CPT violation in a natural extension o f the Standard Model. We
determined the first bounds on the parameters in the Higgs sector. The bounds on the
CPT-even asymmetric coefficients arise from the one-loop contributions to the photon
propagator, those from the CPT-even symmetric coefficients arise from the equivalent
cfW coefficients in the fermion sector, and those from the CPT-odd coefficient arise from
bounds on the vacuum expectation value of the Z-boson. It is also interesting to look
at the gauge structure of the Standard Model, and determine new effects that may arise
if it is altered. One way to do this is to extend the SU (3 )C x SU (2 )L x U ( l ) Y gauge
group to SU (3 )C x S U ( 3 ) l x U (1)x, or what is called a 331 model. We studied variants
of these models which are characterized by each lepton generation having a different
representation under the gauge group. Flavor-changing neutral currents in the lepton
sector occur in these models. To satisfy constraints on \i —> 3e decays, the Z ' must be
heavier than 2 to 40 TeV, depending on the model and assignments of the leptons. These
models can result in very unusual Higgs decay modes. In most cases the /j , t decay state is
large (in one case, it is the dominant mode), and in one case, the $ —*• ss rate dominates.
Finally, it is possible to combine these approaches. This is particularly tempting in the
currently exciting field of neutrino phenomena, where a combination of the 331 model
with CPT-violating terms provides the terms necessary to explain the LSND anomaly, as
well as the atmospheric and solar neutrino data. We also find predictions for relationships
between the neutrino masses.

xi
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CHAPTER 1
Introduction

1.1

The Standard Model
For physicists working with particles and fields, the Standard Model (SM) may be

regarded as an equivalent to the periodic table that chemists use, or perhaps the alphabet
for a language. It contains twelve fermions: six quarks, and six leptons; plus four forcecarrying bosons, the 7 for electromagnetism, the weak-mediating W ± and Z°, and the
strong force carrying gluons g. The SM is a gauge theory with a S U ( 3)c x S U ( 2 ) L x
U ( l ) y gauge group, which is broken via the Higgs mechanism to the strong force and
electromagnetism at everyday energy scales.
Development of this model began in the late 1960s, and it was essentially finalized
by 1973. The SM has proved extremely successful, to a degree that can be described
as frustrating. Physics is at its most interesting when experimental phenomena are dis
covered that are not explained by current theory, allowing one new insights into nature.
However, of all the particles and fields mentioned in the previous paragraph, the only one
that has not yet been discovered is the Higgs. It is expected that this will be discovered
at the Large Hadron Collider (LHC) in the near future. Failure to discover the Higgs will

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

3
certainly be interesting, but would then leave the problem of finding an alternative that
leaves all other SM phenomena intact. To date there has only been one well-measured
phenomenon concerning particles and fields that does not fit in the SM as it existed as of
1980. This phenomenon is neutrino oscillations. It can be well described by massive neu
trinos, whereas the basic SM has massless neutrinos. However, it is fairly simple to add
neutrino masses to the SM via the same mechanism by which other fermions get theirs.
The downside is that it requires several more orders of magnitude in the required range of
values of the Yukawa couplings.
Nonetheless, for a theory describing such a wide range of cutting edge physics, the
roughly thirty years of success of the SM is quite remarkable.

1.2 Extending the Standard Model
This leaves a theorist working with particles and fields in a quandary. We need
experiments that disagree with theory to give us ideas for more theories. However, there
has been very little disagreement with the SM, and the disagreements that have been
discovered are not difficult to incorporate. What does this leave for theorists to do?
Well, the SM does have some limitations. It is only intended to describe physics
up to the electroweak unification scale at about 1 TeV. Moreover, it is expected that the
strong force also unifies with the electroweak force in what is called a Grand Unified
Theory (GUT) at an energy scale ~ 1016 GeV. Essentially nothing is known about what
happens between 1 TeV and the GUT scale. This leaves a large energy range where
other interesting things could happen, and still have effects at experiments that will be
conducted in the near future.
The existence of this range, and the need to explain why it is stable, is referred to
as the hierarchy problem. The structure of field theory is such that one would expect the
GUT scale to pull the electroweak interactions up to higher energies, due to divergences in
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one-loop diagrams, but this does not happen. All prior evidence indicates that there ought
to be physics happening in this range besides a simple approach of the electroweak and
strong forces to unification. There have been many hypotheses proposed for solving the
hierarchy problem. One o f the most popular is supersymmetry (SUSY), which proposes
that all SM fermions have bosonic ‘superpartners’, and vice-versa. These superpartners
reduce the divergences from ~ A 2 to ~ log (A2), so fine-tuning is no longer required [1].
Another possibility is technicolor, based on the idea that dynamics similar to those of the
strong force occur in this energy range, and are responsible for electroweak symmetry
breaking. A third popular proposal is that there are extra spatial dimensions, which have
effects through different types of particles existing in different dimensions, which can also
have various shapes. The common feature of all such proposals is that they have effects
not described by the SM.
To describe these effects, one can write additions to the SM which result in new
phenomena. Sometimes these extensions are inspired by higher-scale theories, such as
GUTs. Others are merely modifications to the SM to see if maybe the current model
is too simple. A basic example of such an extension is the Two-Higgs Doublet Model,
discussed in Appendix A. The SM has a single Higgs doublet, but there is no reason
why there could not be two. Indeed, SUSY, Peccei-Quinn models, and others require this
many or more. So a second one was added, and the results this could have that could
be measured were analyzed. A couple of extensions to the SM that are discussed in this
thesis are CPT-violating extensions and 331 Models.

1.2.1

CPT Violating Extension

Three of the symmetries that exist in the SM are charge, C (better described as
particle-antiparticle conjugation) [2, 3]; parity inversion, P; and time reversal, T. In the
SM the weak force violates C, P, and CP. However, all evidence to date indicates that CPT
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should be a good symmetry of the theory. Theoretically, preservation of CPT is required
of all local quantum field theories. However, interest in possible violations is motivated
by string theory, which is inherently non-local.
To determine what the most productive places to search for CPT violation are, one
must have a framework to determine how CPT violation would occur, and what the measureable effects would be. The usual framework for this is the Standard Model Extension
(SME) o f Colladay and Kostelecky [4]. Prior to our work, the lepton sector o f this frame
work had been explored in great detail. However, the color and Higgs sectors had not.
Therefore, the effect of the SME in the Higgs sector on the results of precision elec
troweak and light propagation experiments was studied. Prior to our work, none of these
coefficients had been bounded; we were able to determine the current bounds. The results
of these investigations are presented in Chapter 2.

1.2.2

331 Models

Another interesting potential addition to the SM is to extend the S U (3)c x SU (2 )L x
U ( l ) y gauge group to a SU (3 )C x S U ( 3 ) l

x

U(1)x gauge group. These models are

referred to as 331 (or 3-3-1) models. These models were initially developed at the same
time the SM was being worked out. Initially the great advantage was that s i n 26w ~
1/4 came out easily. However, by 1980 it seemed that the usual S U ( 3 ) C x SU (2 )L x
U ( l ) y gauge group was perfectly adequate in the context of GUTs for describing the
experimentally determined values o f s i n 29 w ■ Nothing more was heard of 331 models
for a decade, when it was revived by Mohapatra and Mahanthappa [5, 6 ] as a method of
obtaining a Z' boson (a gauge boson similar to the Z, but much heavier). It was thought
that this type of boson could be seen at experiments then coming on-line, primarily the
Tevatron and LEP.
Interest in these models remained throughout the 1990s, usually in a version in which
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the cancellation of anomalies required there to be three generations of fermions. However,
this version also contained “bileptons,” massive doubly-charged gauge bosons, as well as
quarks with exotic charges such as + 5 /3 and —4/3. Then about the year 2000, Ponce et.
al. [7, 8 ] undertook a thorough analysis of 331 models, and discovered that they can all
be classified by the b parameter in the charge operator
Q = T3L + ^ = b T 8L+ X .

(1.1)

If we are to avoid exotic charges, we must have b — ± | . The models with the exotic
charges had b = ± | . Note that in the literature, the parameter f3 is often used, where

8

—

P -

—

+3-

In the present work, we study two versions of these models where the structure of
each lepton generation is unique, as opposed to each lepton generation having the same
structure. There is also one generation of quarks with a different structure from the other
two. These variants are not quite ruled out by bounds from Flavor-Changing Neutral
Currents (FCNC), but they will have very interesting Higgs decay signatures. The details
are presented in Chapter 3.

1.2.3

Multiple Extensions at Once

There are other possible additions to the SM: extra dimensions, higher-dimensional
operators, supersymmetry, and so on. One may combine these approaches, as well. A par
ticularly interesting possible result is CPT violation in the neutrino sector; i.e. neutrinos
and anti-neutrinos would have different masses. This has been proposed [9, 10, 11, 12]
as a way to explain the LSND anomaly [13, 14, 15, 16, 17, 18, 19].
It has recently been discovered [20, 21, 22] that neutrinos oscillate between their
flavor eigenstates. Three flavor eigenstates have been discovered, corresponding to the
three known generations of charged leptons. However, there have been a large number
of experiments where the flavors of neutrinos at the detector do not match what ought
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to be produced at the source. The simplest explanation for this is that the neutrino mass
eigenstates do not correspond exactly to the flavor eigenstates. Such an effect is also
noted with the quarks, in the CKM matrix. However, the correspondence between the
two types of eigenstate in the neutrino sector is extremely low. Thus, a neutrino produced
in a particular flavor eigenstate propagates as a mass eigenstate, and then may be detected
as a different flavor than what it was produced as.
The LSND experiment found ue appearing where there should only be

Other ex

periments have primarily been of the disappearance type. For solar neutrinos, not enough
ue are detected. Similarly, not enough

are detected in atmospheric neutrino measure

ments. Both CHOOZ and KamLAND looked for a reduction in the number of z7e.
Furthermore, it did this when the neutrinos only had 30m to travel. In the usual
two-flavor oscillation formula [16]
Pap — s i n 2(28)sin2 I 1.27Am'

(1.2)

for the probability of va turning into vp, 6 is the mixing angle between the mass eigen
states, A m 2 is the difference between the masses squared of the mass eigenstates, L v
is the distance traveled by the neutrinos, and E v is the neutrino energy. CHOOZ had a
baseline of 1 km, KamLAND had 100 km, atmospheric neutrinos typically travel 100
km to 10000 km, and solar neutrinos of course travel 1 AU. So it was rather surprising
to find evidence of an oscillation after a mere 30m. As can be seen from Eq. 1.2, to get
a reasonable oscillation within a short distance requires a larger A m 2. This is a problem,
as the atmospheric and solar neutrino data both result in relatively small A m 2, and with
three mass eigenstates there are only two independent A m 2.
That necessary to describe LSND is a couple of orders of magnitude larger than
the sum of the A m 2 from the atmospheric and solar data. For the electron and muon
flavors, the A m 2 is normally constrained by solar neutrino data. However, the sun emits
neutrinos, whereas the LSND experiment dealt with antineutrinos. Therefore, if CPT
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is violated in the neutrino sector, the neutrinos and antineutrinos could have different
spectra, explaining the anomaly.
In Chapter 2, we study the Higgs sector of the SME of Colladay and Kostelecky. In
Chapter 3 we study variants of a pair of 331 models with unique lepton generations. In
Chapter 4 we combine 331 models with terms from the SME to develop an explanation
of all neutrino phenomena. Finally, we present our conclusions in Chapter 5.
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CHAPTER 2
Lorentz and CPT Violation in the Higgs
Sector

2.1

Introduction
The scale of the unification of gravity with the other interactions is expected to be

near the Planck scale of 1019 GeV. This is far out of reach of any future accelerators and
thus is not directly experimentally accessible. However, the nonlocality of string theory
leads to the possibility that Lorentz and CPT symmetry violations might exist at that scale
[24, 25, 26, 27, 28, 29, 30, 31], and hence high-precision studies of these symmetries
might be able to probe Planck-scale physics.
It is difficult to write the most general Lorentz and CPT violating theory-even the
meaning of a Lagrangian becomes questionable in such a theory. However, with some rea
sonable assumptions, one can study Lorentz and CPT violation. To develop a framework
for studying Lorentz and CPT violation in the Standard Model, Colladay and Kostelecky
[4] constructed the Standard Model Extension (SME). This is a theory based on the stan°This chapter was originally published as Ref. [23].

9
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dard model but which includes additional Lorentz and CPT violating terms. These terms
satisfy the SU(3) x SU(2) x U (l) gauge symmetry of the Standard Model, and they also
satisfy invariance under observer Lorentz transformations [4, 32,33,34]. This means that
any Lorentz indices that the additional term contains must be contracted (i.e., it must be
an observer Lorentz scalar), and that rotations and boosts of the observer inertial frame do
not affect the physics. This ensures that the physics does not depend on the choice of co
ordinates. In addition, the Lorentz violation is assumed independent of position and time,
and thus energy and momentum are conserved. The Lorentz-violating terms considered
in the SME violate invariance under particle Lorentz transformations, i.e. under rotations
and boost of a particle within a fixed observer inertial frame. An example of two such
terms in the pure electron sector is 'ipMiJj, where M =

7 ^7 5 .

This term is clearly

SU(3) x SU(2) x U (l) invariant, and the coefficients are position-independent, but

and

are constant vectors and do not transform under a particle Lorentz transformation. It
should be noted that this is the “minimal” extension. Non-Minkowski spacetimes [35]
will lead to spacetime-dependent coefficients, and some models can lead to nonrenormalizable terms. Such minimal extensions are beyond the scope of this paper.
In the SME, the additional terms in the Higgs sector are given by [4]

£ cp t-

k k us + i k * ) ^ ( D ^ ) ' D " 't + H.e.
(2 . 1)

and
■£cPT-odd =

D

+ H.c.

(2.2)

Here, we have broken the k ^ term up into its real symmetric and imaginary antisymmet
ric parts. Note that the k$B and k^w coefficients are real antisymmetric, the CPT even
coefficients are all dimensionless, and the complex-valued CPT odd coefficient has units
of mass.
To our knowledge, there are no published limits on the possible values of these co-
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efficients. The purpose of this article is to explore the current bounds on these terms. In
section 2.2, we consider the bounds on the CPT-even antisymmetric coefficients, k ^ , k^B
and k^w. In section 2.3, the bounds of the CPT-even symmetric coefficients k ^ are de
termined, and the bounds on the CPT-odd coefficient, k $ are discussed in section 2.4.
Section 2.5 contains our conclusions and a summary of the bounds.

2.2

Bounds on the CPT-even antisymmetric coefficients
Whenever new particles or new interactions are proposed, there are two approaches

to discovery. One can look for direct detection of these particles or interactions (as in
searches for supersymmetric particles or for flavor-changing neutral currents). Alterna
tively, one can look at the loop effects of the new physics on lower energy processes,
such as in precision electroweak measurements. In studying the above coefficients, direct
detection would necessitate producing large numbers of Higgs bosons, and the resulting
bounds would be quite weak. However, there are extremely stringent bounds on Lorentz
violation at low energies, and thus searching for the effects of these new interactions
through loop effects will provide the strongest bounds. The most promising of these ef
fects will be on the photon propagator.
In this section, we will consider the bounds on the CPT-even antisymmetric coeffi
cients, k ^ , k^B and k^w- These interactions will lead to modified vertices and propaga
tors, and will thus affect the one-loop photon propagator. We first look at the most general
CPT-even photon propagator, and then relate the k ^ coefficients to the Lorentz-violating
terms in the photon propagator. Then, the experimental constraints on such terms lead
directly to stringent bounds on the k ^ coefficients. We then consider the k^B and k^w
coefficients.
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Considering CPT-even terms only, the photon Lagrangian can be written as [4]
^photon =

- \ { k F) ^ F K-xF ^ .

(2.3)

Here kF has the symmetries of the Riemann tensor plus a double-traceless constraint,
giving 19 independent parameters. The equation of motion from this Lagrangian is
M aSA s = 0 ,

(2.4)

M aS(p) = ga6p 2 - pap s - 2(kFy ^ p fjpi .

(2 .5 )

where

The propagator is clearly gauge invariant (recall that k F is antisymmetric under exchange
of the first or last two indices).
To bound the coefficients, we calculate the vacuum polarization diagrams for the
photon propagator, using the full Lagrangian, including Lorentz-violating terms. The
result will be of the form of the above propagator, and one can read off the value of k F.
Note that while the g>ivp2 —pIJp u structure is mandated by gauge invariance, the k F term
is separately gauge invariant and may differ order by order in perturbation theory. For
simplicity, we look at the divergent parts of the one loop diagrams only1. Consideration of
higher orders and finite parts will give similar, although not necessarily identical, results.
In general, due to the large number of Lorentz-violating terms, this yields a bound
in a multidimensional parameter space. However, if we do not consider the possibility
of fine-tuning, then we can consider each of the possible terms independently. One must
keep in mind that some of the parameters may be related by a symmetry, but absent such
a symmetry, we expect no high-precision cancellations. We begin by considering the
antisymmetric part of k

and then k ^ s and k,pW.

To calculate the additional vacuum polarization diagrams for the photon propagator
due to a non-zero k^ -te rm in Eq. (2.1) (assuming all other parameters are zero), we need
'At extremely high energies, either energy positivity or microcausality may be lost [36, 37], However if
we cut off the theory at a high, but finite, scale, this will not be an issue.
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to find the vertices and propagators which are dependent on k ^ . For our purpose, vertices
involving at least one photon field are necessary. Two of them, for instance, can be quoted
here: The A ^ W f f A [ A ^ t f A j r ] coupling is given by - e mw { k [ ~ e ( k ^
Here all momenta are taken towards the vertex, and

)

.

is the usual charged Goldstone

boson. As in the conventional SM, one can choose acceptable gauge-fixing conditions to
remove the redundant degrees of freedom from the theory. In the SM, the following con
ditions in the

-gauge can be chosen [38] fi =

1, 2, 3 for S U ( 2 ) case and / =

^

( $ 'tr i ($ )0 — ( ^ o r ^ ' ) , i =
— {<f>t) 0 (I)') for [7(1) case, where

g(g') is the S U (2)(U (1)) coupling constant, t, are the Pauli matrices, and

and (<F) 0

are the Higgs doublet and vacuum expectation value, respectively. Then the gauge-fixing
term in the Lagrangian is £ gf — —(f • f ) 2 /2£ — f 2/ 2£ and this removes the mixing term
between W ± and (jA. In the SME, we have additional mixing proportional to k ^ . A sim
ple generalization of the above gauge-fixing conditions, by adding a i { k ^ ) A \ term
to fi and a similar i ( k ^ ) ^ d 11B u to the function / , would remove such Lorentz-violating
mixing in our case as well. However, such generalization also leads to an unwanted mix
ing between the gauge boson Z^ and the derivative of the Higgs field, d ^ f i , which is
contracted with ( k ^ ) 111', as well as substantially complicating the photon propagator. In
stead we use a mixed propagator of the form ' m w { k ^ ) livql/ for W ^ ( q ) d A fields (that is,
we are treating the mixing term as an interaction, which leads to diagrams like (d),(e),(g),
and (h) in Fig. 2.1). Here we use the convention that the 4-momentum q of W fl is incom
ing to the point where the field turns into a charged Goldstone boson.
Another distinct feature of this model is the presence of a term of the form
i m w ( k ^ )1111W+ W f . This term needs to be considered carefully. It obviously repre
sents a new term in the W-propagator. We will discuss how to deal with this term in
the i?£-gauge, although we use ’t Hooft-Feynman gauge (£ = 1) in our vacuum polar
ization calculations. Since this mixing term can be considered an interaction, one can
carry out the Dyson summation. If we pick up the quadratic terms in the W-boson from
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the Lagrangian together with Cgf, we have
i [-(g 2 -

K IJjU( q ) W where i K ^ ( q ) =

+ (1 - 1 / 0 q*qv + i m 2w { k ^ Y 1'] = i K ^ ( q ) -

We

know that the inverse of i K ^ v (q), say i A ^ x i q ) (that is, K ^ uA ( 0)uX = gx ), is the
usual propagator for the W boson. From K liu(q), one can write the form of the prop
agator as A vX(q) = A S (g) + B uX ( k ^ ) , where all

dependence is in the second

term. To determine B uX, we can use the fact that A vX is the inverse of K>JM. From
this equation, one gets B vX = —im ^/-A /A,(A:^)V/" A |J + B ^ x . Iterating this equation,
one obtains a series. However, we know that k ^ parameters are small, so it is suffi
cient to keep the first few terms. Up to second order, it is straightforward to show that
= - i n & A i S (*&)“«

-

m ^ A S ( ^ ) " “'A W , ( ^ ) » A ® . In t h e ’t Hooft-

Feynman gauge the propagator has a simple form which can be given as

i AAvX{
^ -S 1- l ))

-

fA(0)
m2w ^ 2^ _ mvX
i A , x +1 m
^ 2 +I iim4
mw ^

_ m^ 3

>

(2
6)
(2-6)

where, for example, the second term is represented as a blob in the W -propagator in Fig.
2.1(c), Fig. 2.1(f), andFig.2.1(i).
We are now ready to calculate the vacuum polarization diagrams for the photon prop
agator. It is useful to classify contributions as the ones having first order k ^-dependence
and the ones with quadratic in k ^ . The only possible structure in first order is (k$<j>)nv
where p(v) is the Lorentz index of the incoming(outgoing) photon field. If we add all
possible one-loop diagrams, the first order contributions vanish. This is expected from
the gauge invariance requirement. It is not difficult to show that getting a gauge invariant
transverse structure is only possible with at least two k ^ -terms. In Fig. 2.1, we depict
the one-loop diagrams which, when permutations are added, give second order Lorentzviolating inclusions. There are two possible structures in second order, which are either
{ k ^ ) ^ \ { k ^ ) xv or (k$(j))l,x ( k ^ ) x>iypxp y . Here p is the four momentum of the external
photons. Again the first possibility is not gauge invariant and should vanish, thus contri
butions from the third term in Eq. (2.6) should vanish. We have verified this explicitly.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

15
The latter is gauge invariant and gives a non-zero contribution (if we contract with any of
two external momenta of photons,

(a)

or p u, it vanishes due to the antisymmetry property

(b)

(c)

FIG. 2.1: One-loop contributions to the photon vacuum polarization involving Lorentz-violating
interactions to second order. These diagrams are for
case but similar diagrams exist for the
other antisymmetric coefficients. Here the wavy (dashed) line circulating in the loop represents
W boson (charged Goldstone boson). Each blob in vertices, W-propagator or W —<t>mixed
propagator represents a single Lorentz-violating coefficient insertion. The rest of the diagrams
can be obtained by permutations of these 9 diagrams.

Calculating the one-loop diagrams, and comparing with Eq. (2.5), we find that the
components of kF can simply be expressed in terms of kfa, as (kF)llX\'v =

§ ( ^ ) ma

(^ )av-

We now turn to the experimental bounds on the kF.
The dimensionless coefficient (kF)KXlll> has the symmetries of the Riemann tensor
and a vanishing double trace, resulting in nineteen independent elements. Following
Kostelecky and Mewes [39], we can express these elements in terms of four traceless
3 x 3 matrices and one coefficient:

(ke+ y h — 2 ( kd e + K-HByk
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(2.7)
where
(KD Et = - 2
(■k-h b ) * =
(nDBf

= - (KHBf

=

(2.8)

There are stringent astrophysical bounds on 10 of the 19 elements, those given by
Re+ and by k0_. These astrophysical bounds have been discussed recently in detail by
Kostelecky and Mewes [39]. The observations of radiation propagating in free space over
astrophysical distances results in bounds on these elements from velocity and birefringence constraints [34, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52]. The bound from
birefringence constraints is the strongest, and is given by 3 x 10~32. The bounds on the
remaining 9 elements are much weaker (and in fact can be moved into the fermion sector,
as will be discussed below).
If one of our coefficients is nonzero, say (k ^ )o i = ~

10

=

then the only

nonzero components of k,F are the (kF)i 0io, (^f)oioi-, (^f)iooi and (kF)ono components.
This leads to a nonzero Re+ matrix, and thus the stringent bounds apply. Extending this
one can see that for any single or possible combination of non-zero elements of (k ^ >)IJa/
it is impossible for both Re+ and R0- to be null matrices, and thus the birefringence
constraints apply.
One cautionary note should be added. In the above example, the k F tensor is not dou
ble traceless, since (kF)'^ is proportional to x 2. This means that the kinetic energy for the
photon has not been properly normalized. By adding and subtracting a term proportional
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to the double trace
C = - 1 (1 + <;x2)

- \ { k F)K,x,ll,v,F*'x'F*'v' + i (c*2)

(2.9)

where c is a constant and the primed indices are summed only over the nonzero ele
ments (in the above example, only over (kF)ioio,(kF) 0i 0i , ( k F) wol, ( k F)ono). A re
definition of the photon field will give a conventional kinetic term, and the remaining
terms obey the double traceless condition if one chooses a suitable c value. This means
that, although we started with only a (&.f)oioi term (plus permutations), we also have
(kF) 0202, ( M o 303, (kF) 1212, ( M 1313 and ( M 2323 terms (plus permutations). Nonethe

less it will still not be possible for the elements of k e+ and £0_ to become zero, hence
these redefinitions do not affect the bounds. From these results, we find an upper bound
of 3 x 10~ 16 for the k ^ coefficients, barring, of course, fine-tuned cancellations.
Next, we consider the fc^-term by setting all other parameters to zero in Eq. (2.1).
This term has a interesting new interaction

where 4>\ is the Standard Model Higgs

boson. There also exists a similar Lorentz-violating vertex with the neutral Goldstone bo
son, (j)2- Therefore, in addition to the charged Goldstone loop, we have diagrams like
Fig. 2.1(a), which are second order in k^B with different vertex factors, where now the
particles circulating in the loop are the Higgs and the would-be Goldstone bosons. The
coupling is cos 9w(k<t>B)tivPl/>where p is the four momentum of the photon. Unlike the k ^
case, we obviously do not have an additional mixing between the W and charged Gold
stone bosons (thus, no diagrams like (d),(e),(g), and (h) in Fig. 2.1). But this new term in
duces a remarkable mixing between the photon and the Higgs scalar, since when the Higgs
gets a vacuum expectation value, an A ^ c j ) mixing term appears. This term can not be
removed by gauge-fixing, and represents a mixed propagator. In our one-loop calculation
of the photon propagator, however, the mixing will not contribute to the divergent part,
and is thus not relevant2. Therefore, if we look at the structures in the first and the second
2With the use of this mixing, there is an another place where the Lorentz-violating k^g term could
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order in k 4B, there exist (k4B)tJxPXP», ( k ^ v x P ^ P n , and ( h B)F\ ( k 4B)x'uPxpx' ■Note that
only the scalar loop diagrams with two Lorentz-violating vertices yields the last structure
(three scalar loop diagrams with charged Goldstone <f>± , Higgs boson <f>1, and would-be
neutral Goldstone boson <j>2). Gauge invariance makes us expect that the first two non
invariant structures should vanish and this is indeed the case. So, in this framework, the
(fcfOftXX'K = j i z cos2 $iv(&0 -b)ma (V b )a v equality holds. Numerically, the bound on the
individual

is stronger than that for

by a factor of (5 cos 0^,/4 c 2) 1/ 2 ~ 3.2. This

gives the upper bound on k 4B of 0.9 x 10-16.
The k<f,w term has very similar features to the k ^ case except for the photon-Higgs
mixing. It additionally allows the Lorentz-violating

vertex, which is equal

to —sin 9wkllup1' (leading to diagrams like Fig. 2.1(a) with <j)i second order in k4W)Adapting the same gauge-fixing conditions of k ^ , one can show that the W-propagator
with one k^w inclusion becomes 2iralv (k(/)W)tJjU/g(q2 - m ^ ) 2. Computation of dia
grams (Fig. 2.1(a)-(i) plus their permutations) shows us the ( k ^ w ) ^ , {k4>w)llxPxPv, and
(k ^ X v P ^ u , structures in the first order and (k4,w ) ^ ( k ^ w V u and {k4)W)tlX(k!pw)\>vPXpX'
in the second order. The only surviving term is the last one which is gauge-invariant.
Consequently, like the k 4B case, a very similar relation between k F and k^w, ( k p ) ^ v —
sin 2 9w {k4,w)ii\{k<i>w)\'v, yields an upper bound of 1.7 x 10-16. It is seen that the
current bound on all three Lorentz-violating coefficients is of the order of 10-16.

2.3

Coordinate and field redefinitions and the symmetric
coefficients
In this section, we consider bounds on the k ^ coefficients. In this case, the strongest

bounds come from relating, through field redefinitions, these coefficients to other Lorentz
contribute, namely in the A^ee and <j>iee effective vertices. However, the bounds we obtain below render
any such effects negligible.
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violating coefficients in the fermion sector, and then using previously determined bounds
on those coefficients.
Once one extends a model by relaxing one or more symmetry properties of the orig
inal model, the extended model should involve all possible otherwise invariant structures.
However, if the modification is carried out under the assumption that the fields are trans
formed under this otherwise broken symmetry group in the usual way, not all of new
parameters representing apparent violation of this symmetry may be physical (i.e. the
model has some redundant parameters). Therefore an extension should be carefully an
alyzed to check for redundant parameters. This analysis may yield several Lagrangians
which are equivalent to each other by some coordinate and field redefinitions and rescal
ings [4, 53, 54, 55]. The same situation applies to the SME case. A simple example is
provided by Colladay and Kostelecky [4]. Consider the electron in QED, with the ki
netic term

Suppose one transforms the electron field as ijj —►exp(—iatlx ll)'ip,

where a is a constant vector. This is not a gauge transformation, since A Mis not changed.
Plugging into the kinetic term, one finds a term

But this is one of the Lorentz-

violating terms mentioned in the first section, and thus this term can have no physical
effect. Other field redefinitions can eliminate (or, more precisely, make redundant) other
possible terms. Recently, the spinor part of the extended QED has been extensively dis
cussed by Colladay and McDonald [53]. The a^ term need not be redundant if gravity is
included. This has been explored [35] by studying the SME with gravity in the context of
Riemann-Cartan spacetimes, and thus new Lorentz-violating coefficients appear in such
a framework.
In the Higgs sector, one can also make some of the symmetric coefficients redundant.
Here we just consider the (7(1) part but the generalization to 377(2) x (7(1) is straight
forward. A toy model discussed in [39, 55] is relevant to our purpose. Consider first a
model involving only two Lorentz-violating parameters

and k F in the scalar and pho

ton sectors, respectively. The Lagrangian is £ = [gFu + (fc^)MI/] (D1* ^ D u§ —m 2& $ —

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

20
\

- \ { k F)lJix\'uFtlXF y u , where

+ iqA^ and

is real and symmetric.

First let us assume that only one component of k ^ , (k^ ) 0o = k 2—l, is nonzero [39,55] and
that kp is taken as zero. By making the coordinate transformations t —» kt, x —> x and
the field redefinitions A 0 —> A0, A —►fcA with rescaling of the electric charge q —> g/fc,
one gets the Lagrangian £ photon =

—m 2& $ + ^ i ? 2 —k 2B 2), where E ( B )

is the electric(magnetic) field. So, we start with a system having a Lorentz violation in the
scalar sector (kp = 0) and end up with an equivalent Lagrangian involving Lorentz viola
tion in photon sector (some components of k F are nonzero). Second we can further show
that by choosing 3 only (fc^ )n = (fc^ ) 22 = (^>0)33 = k 2 —l nonzero it is still possible
+ \ { E 2 — B 2/ k 2)

to get an equivalent Lagrangian as £ photon =

under the transformations t —>t, x —> k x and the redefinitions A 0 —»• k A 0, A —> A with
the same charge rescaling q —>q/k. However, for the other components of k ^ , there are
no such obvious transformations.
Another analysis of the physical effects of the Lorentz-violating coefficients k ^ can
be found by looking at the effects of field redefinitions over those parameters. These ef
fects in the fermion sector were discussed in detail in the context of extended QED [53].
There it was shown that under the fermion field redefinition tp(x) = (1 + cflux fJ'du)x{x)
it is possible to generate a would-be Lorentz-violating Lagrangian in the free fermion
context and

represents the Lorentz violation. Here

cient of the Lorentz violating

is a real symmetric coeffi

term in the fermion sector. However, this

transformed Lagrangian can further be expressed in terms of a new coordinate system
having a non-diagonal metric, i.e. a skewed coordinate system, and in this way it is
possible to restore the form of the original Lagrangian. In this framework, this shows
that Cy,v is not physical. The redundancy of cM„, however, disappears when the fermionphoton interaction is involved. A very similar analysis for the scalar sector of a toy
3This choice was made in Ref. [56, 57, 58, 59, 60, 61], where it was shown that the contribution to
Higgs decays from this term is negligible.
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model, involving a conventional fermion sector with a scalar field 0 , gives us £ ( 0 , <3>) =
£ o (,)/0 +£<?((£ )+ [ § ( ^ W ( d ,V t )d IV + H .c.], where the scalar field redefinition $ (x ) =
( l + \ (kf<f,)lj.vXIJ‘d'/) tp(x) is assumed. Again expressing the fields in terms of skewed co
ordinates with a modified metric r

+ ( £ ^ ) M„ the apparent Lorentz-violating

(Zc^)-term can be absorbed in the scalar sector but it reappears in the fermion sector as
a c-term. If we further extend our model by including fermion-photon interactions one
can show that there is a mixing among k ^ , cM„, and nine unbounded kp coefficients [62].
Consequently, the observability of k

is nothing but a matter of convention. The above

analysis enables us to move a non-zero k ^ term into either a cMI/ term or a kp term. In this
chapter we only concentrate on the Lorentz and CPT violation in the scalar sector of the
SME, hence we assume that the theory has a conventional fermion sector, which means
that bounds on cfll, will lead to effective bounds on k ^ . A full and systematic analysis
of all of the field redefinitions and redundancies in the SME would be valuable, but is
beyond the scope of this chapter. With our normalizations, a bound on cM1/ will translate
directly into an equivalent bound on ( k ^ ) llu.
We thus need the current bounds on the c ^ coefficients. Although numerous bounds
appear in the literature, many of them should be taken cum grano salis. Consider the
spatial parts of c ^ . The strongest bounds give an upper limit on the diagonal spatial
elements of 10-2 7 [57, 58, 63, 64, 65] and on the off-diagonal elements cXz and cYz
of 1(T 25 [63, 64, 65, 6 6 ], and c*y of 10“ 27 [57, 58, 63, 64, 65]. There are several
caveats, however. First, these are bounds for cM„ of the neutron. It is conceivable that
the mechanism that results in Lorentz violation is proportional to the charge, and these
experiments would miss the effect. However, the bounds from a proton experiment [67]
are 10” 25 for all of these parameters. It is also conceivable that a version of Schiff’s
theorem (which shows that in the nonrelativistic limit, the electric dipole moment of an
atom will vanish, even if it does not vanish for constituents) will cause a screening of
the

coefficients of the quarks. The second effect can be eliminated by considering
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electrons, as can the first. Another caveat is that the bounds on the diagonal elements are
actually bounds on c x x —cyy and cXx + cyy —2czz , and thus if the Lorentz violation is
isotropic, the bounds will not apply. In this case, the vanishing trace condition will (as in
the case of the double-traceless condition on k F) yield, when the fermion field is properly
normalized, a nonzero c t t , and thus the bounds on the diagonal spatial elements will be
that of the bound on

c tt-

The bound on c t t can be obtained by comparing antiproton cyclotron frequencies
with those of a hydrogen ion [6 8 ] and a very weak bound of 4 x 10 _13 is extracted. An
interesting connection between the dispersion relation for fermions and the c T t coefficient
has been noted by Bertolami, et al.[60, 61], and astrophysical experiments to improve
the bound is proposed. For the time-space components, the best current bound is 10~21,
measured from the proton in a cesium cold-atom clock [67]. There are also various studies
based on the sensitivities of some planned experiments [63, 69, 70, 71]; most of the
bounds are from the neutrino sector of the SME and the highest proposed sensitivity is
around 10-25 [69].

2.4

Bounds on the CPT-odd coefficient
The remaining part of the Higgs sector Lagrangian has one term that violates both

Lorentz and CPT symmetries, represented by the complex constant coefficient
One interesting effect of this term is the modification of the conventional electroweak
SU(2) x U (l) symmetry breaking. Minimization of the static potential yields a nonzero
expectation value for the Z Mboson field of the form (Z M) 0 = sm36>wRe(fc^)At. Here we
have assumed all the other Lorentz-violating coefficients are zero. The nonzero expec
tation value for the Z will, when plugged into the conventional fermion-fermion-Z in
teraction, yield a

term. Alternatively, one can look at the one-loop effects

on the photon propagator, however this will yield much weaker bounds. By assuming
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k<
1, is the only Lorentz-violating term in the Higgs sector, one finds that the effective
bfj, — ^ R e ( k (f))fl. If we look at the best current bounds on b^, from testing of cosmic spa
tial isotropy for polarized electrons [72], beX Y < 3 .1 x 10-29 GeV and bez < 7.1 x 10“ 28
GeV in the Sun-centered frame. The best bound comes from the neutron with the use of
a two-species noble-gas maser [73] and it is of the order of bX Y — 10 ~ 32 GeV. Note that
in order to get this bound there are some assumption about the nuclear configurations,
which make the bound accuracy uncertain to within one or two orders of magnitude. The
bound on the time component of bMis around bY < 10“ 27 GeV [74], Therefore, the best
bounds for the real part of

are 10~ 31 GeV and 10 ~ 27 GeV for the X , Y and for the

Z, T components, respectively. The imaginary part of k^ is unphysical, since this term in
the Lagrangian is a total divergence.

2.5

Conclusion
In this work we have studied the bounds on the Lorentz and/or CPT violating co

efficients in the Higgs sector of the SME. It is shown that all antisymmetric CPT-even
Lorentz-violating coefficients give second-order contributions to the photon vacuum po
larization at the one-loop level. By comparing with the k p -terms and assuming one of
them is nonzero in each case (without high-precision cancellation), we find

(k^s)^,

( k ^ w ) ^ ^ 1CT16. For the symmetric part of k ^ , after discussing the close connections
with the Lorentz-violating coefficients

in the fermion sector by means of coordinate

and field redefinitions, we conclude that the bounds could be determined directly from the
c^-term . In a very similar way we obtain the bound on the CPT and Lorentz-violating co
efficient { k ^ n by comparing with 6^-term in the fermion sector. The existence of k ^-term
leads to a nonzero vacuum value for

which further enables us to relate

with b^

and we find an upper bound of 1CT31 (10~27) GeV for X , Y (T , Z) components of (k^)^.
Table I lists all the bounds together with their sources.
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TABLE 2.1: Estimated upper bounds for the Lorentz and CPT violating coefficients in the Higgs
sector of the SME.

Sources

(k^nv
[k<j>w
{kl^n
(k^rr
(k^ri
(k^)xz, (k ^ Y Z
(k^)xY
(k<f>)x, ( k ^ Y
( k ^ z , (k<f>)T

Comments
b» (GeV)

O1

+

Parameters
3 x 1(T 16
0.9 x 10~ 16
1.7 x IO" 16

-

-

-

-

-

-

-

-

-

io - 27
4 x 10-13
io - 21

-

-

-

-

1 0 " 25

io - 27
-

io - 31
2 .8 x 1 0 - 27

-

a
b
c

d
d
e
f

“Obtained from c"®utron with the assumption that Lorentz violation is not isotropic. If it is isotropic, the bound
on (A ^ )r r applies.
^Obtained from the comparison of the anti-proton’s frequency with the hydrogen ion’s frequency.
“Obtained from the proton in a cesium cold-atom clock.
“'Obtained from the neutron.
“From 6.n/ utron with the use of a two-species noble-gas maser. From 6®Iectror\ a weaker but cleaner bound of
1.2 x 10- 2 ®can be obtained.
^This bound is from the spatial isotropy test of polarized electrons.

Perhaps the most intriguing bounds are for the antisymmetric coefficients. Recent
developments in string theory indicate that Lorentz-violating non-commutative geometry
might be a low-energy probe of Planck scale physics [54, 75 ,7 6 ,7 7 , 78,79, 80], and this
geometry will be antisymmetric. It is interesting that our upper bounds on the coefficients
are O ( 1 0 ~16), which is less than an order of magnitude above the ratio of the electroweak
to Planck scale. An improvement in the birefringence bounds of a couple of orders of
magnitude (which is feasible [50, 81]) could probe this sensitivity. Should a kp term
actually be discovered, our analysis shows how one can distinguish Higgs sector Lorentz
violation from other sectors. Specifically, of the ten observable kp coefficients, we find
nonzero values only for the two independent diagonal elements of k e+. Thus, the origin
of Lorentz violation might be experimentally accessible. It should be noted that inclusion
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of gravity might lead to new Lorentz-violating terms, as discussed in Ref. [35].
If the primary effects of an underlying Lorentz and CPT violation appear in the Higgs
sector, what are the most promising experiments? We have seen that CPT violation will
be manifested through a vacuum expectation value of the Z boson, and the “b” coefficient
for a fermion will be proportional to the weak axial coupling of that fermion. Testing this
would require bf to be measured for at least two fermions. For antisymmetric CPT-even
Lorentz violation, there are very specific signatures, discussed in the previous paragraph,
and improvement in the birefringence bounds of a couple of orders of magnitude would
be valuable. For symmetric CPT-even Lorentz violation, there are tight bounds, but with
various assumptions and caveats. The relatively weak

cTt

and cTI bounds, as noted in

Ref. [63], could be substantially tightened.
With this project, both the lepton and Higgs sectors of the SME are reasonably well
understood. A logical next step would be to look into the color sector. However, QCD is
challenging enough to work with without Lorentz and CPT violating effects, which can
make matters significantly more difficult. Instead, an investigation was performed of a
model with an S U (3) l group, instead of the usual S U (2 )L.
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CHAPTER 3
331 Models with Unique Lepton
Generations

3.1

Introduction
An interesting extension of the standard model is based on the gauge group S U (3)c x

SU(3) l x U( 1 ) (331). In the original, minimal version of the model [83, 84], the leptons
are put into antitriplets of S U (3)L, two generations of quarks are put into triplets and the
third generation of quarks is put into an antitriplet. With this structure, the anomalies
will all cancel if and only if the number of generations is a multiple of three. The model
has an automatic Peccei-Quinn symmetry [85, 8 6 ], and the fact that one quark family has
different quantum numbers than the other two may explain the heavy top quark mass [87].
An unusual feature of this model is that sin 2 9w must be less than 1/4. Since it is an
increasing function of q2, the scale of S U (3) z, breaking must be relatively low, and cannot
arbitrarily be moved up to a high scale.
This minimal model contains doubly charged gauge fields (bileptons) as well as isos°This chapter was originally published as Ref. [82].
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inglet quarks with exotic charges. The phenomenology of these models is very rich and
has been the subject of extensive study [8 8 ,8 9 ,9 0 ,9 1 ,9 2 ,9 3 ,9 4 ,9 5 ,9 6 ,9 7 ,9 8 ,9 9 ,1 0 0 ].
A completely different class of models was proposed in Refs. [101, 102, 103, 104, 105],
in which the embedding of the charge operator into S U (3) l is different. In these models,
there are no exotic charges for the quarks, and the gauge bosons are all either neutral or
singly-charged. In all of these models, one still treats the lepton generations identically,
and treats one quark generation differently than the other two. A comprehensive review
of the gauge, fermion and scalar sectors of all of these models can be found in Refs.
[7, 8 , 106],
In Ref. [7], a detailed analysis of the anomalies in 331 models showed that there
are two anomaly free sets of fermion representations in which the lepton generations are

all treated differently. The phenomenology of these models has never been studied in
the literature. With leptons in different representations, one might expect lepton-flavor
changing neutral processes.
In this chapter, we discuss the phenomenology of these two models. In Section 3.2,
the various 331 models are presented, as well as the possible representations for fermions
in these models. A set of anomaly free models will be found, and it will be noted that
two of them have very different representations for the lepton families. In Section 3.3, we
will consider the scalar sector of these “unique lepton generation” models, and in Section
3.4 will present the mass matrices for the leptons, look at the possible variations that
can occur, and find the Yukawa couplings to the scalars. The phenomenology of leptonnumber violating n and r decays will be discussed in Section 3.5, and for Higgs decays in
Section 3.6. Our most interesting result will be that many of these models have fairly large
branching ratios for the Higgs boson decaying into a muon and a tau, and in one model it
may be the dominant decay. In Section 3.7, we will examine lepton-number violation due
to gauge boson exchange, and the resulting bounds on the gauge boson masses. Finally,
in Section 3.8 we present our conclusions.
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3.2

Models
As discussed in Ref. [7], if one assumes that the isospin SU (2 )L of the standard

model is entirely embedded in S U (3) l , then all models can be characterized by the charge
operator
Q = T3L + ^ = b T 8L + X I 3

(3.1)

where / 3 is the unit matrix and TiL — XiL/2, where the XiL are the Gell-Mann matrices.
X is fixed by anomaly cancellation and the coefficient can be absorbed in the hypercharge
definition. Different models are characterized by different values of b.
In the original Frampton, Pisano, and Pleitez [83, 84] model, b = 3/2, leading to
doubly-charged gauge bosons and fermions with exotic charges. The fermion representa
tions, with the 5(7(3) x (7(1) quantum numbers, are
/e A

Li =

: (3*,0)

Vi

(3.2)

\ef/
for the leptons (i = 1 , 2 ,3) and

Q i ,2 —

/u \

(c\

d

s

\D )

\S /

Qz —

: ( 3 ,- 1 /3 )

: (3*, 2/3)

(3.3)

(3.4)

\t J
with all of the quark conjugate fields being isosinglets. D, 5, T are quarks with charges
given by —4/3, —4 /3 ,5 /3 .
A simple variant of this model [107] changes the lepton structure by replacing the ec
with a heavy lepton E + and adding e° and E ~ as singlets.
If one wishes to avoid exotic electric charges, one must choose b = 1/2. In that case,
the fermion structure is very different. Following [7], we can find six sets of fermions,
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which contain the antiparticles of all charged particles. The first four are leptons and the
last two are quarks. Noting e*, di, Ui as standard model fermions, and Ei, D i} Ui as exotic
fermions, the four sets of leptons are

f

\
(3.5)

\E ~ J
with£>[/(3) x [7(1) quantum numbers (3, —2 /3 ), (1,1), (1,1),

/er\
(3.6)

Vi

\ K J
with SU(S) x [7(1) quantum numbers (3*, —1/3), ( 1 ,1), and iV° is a heavy neutrino,
/ eT \

/E r\

(N °\

U =

(3 .7 )
VA^V

\ A7g /

Ve+/

with <ST7(3) x [7(1) quantum numbers (3 * ,-1 /3 ), (3 * ,-1 /3 ), (3*, 2 /3 ), and there are
four heavy neutrino states (some may be conjugates of another), and

La =

/V i\

/E + \

/A73° \

e*

A7°

E~,i

\E u J

\

n $J

(3.8)

\ eJ

with S U ( 3) x [7(1) quantum numbers (3, - 2 / 3 ) , (3 ,1 /3 ), (3, - 2 / 3 ) , ( 1 , 1 ), ( 1 , 1 ), ( 1 , 1 ).
The two sets of quarks are
f di \

Qi —

Ui

■
5dc^ 5iEI J [/?X

(3 .9 )

\U iJ
with 5Z7(3) x [7(1) quantum numbers (3*, 1/3), ( 1 ,1 /3 ), (1, - 2 / 3 ) , ( 1 , - 2 / 3 ) , and
/ U i\
Q2

di

■
(E- ^X
D9
) n c■UX’

\D i/
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Anomalies
[SU(3)cJ2U ( l ) x
[SU(3)L]2U(1)X
[grav]2U ( l ) x
m i)x?

u

u

0

0

-2/3

-1/3

Lx

u

Q\

Q -2

0

0

0

0

0

-1

l

0

0

0

0

0

0

0

10/9

8/9

6/9

12/9

-12/9

-6/9

TABLE 3.1: Anomalies for the Fermion Families
with 5(7(3) x U( 1) quantum numbers (3,0), (1, —2/3), (1 ,1 /3 ), (1,1/3).
The anomalies for these six sets are [7] found in Table 1. With this table, anomalyfree models (without exotic charges) can be constructed. As noted in Ref. [7], there are
two one-family and eight three family models that are anomaly-free. Of the eight threefamily models, four treat the lepton generations identically, two treat two of the lepton
generations identically and in two, the lepton generations are all different. It is the latter
two that will be the subject of this study.
Note that one can easily see from Table 1 that there are only two one-family models.
The first consists of Q 2 + L3. This structure is perhaps most familiar to grand unified
model builders, since the 27 fields are contained in the 27-dimensional fundamental rep
resentation of E e. In addition to analyses of E e models, an analysis of this model, in the
context of 331 models, can be found in Refs. [7, 108].
The second one-family structure is Q\ + L4. This model is related to 5(7(6) x (7(1)
unified models, and is analyzed in Ref. [109]. Note that both of these one-family models
are simply triplicated to become three-family models.
There are two other three-family models in which all of the leptons are treated the
same way (but now the quark generations are treated differently). These were the first
models analyzed once it was recognized that 331 models without exotic charges (i.e. with
6

= 1 / 2 ) could be constructed. The first is 3 L 2+ Q i + 2 Q 2. As in the original 331 models,

one generation of quarks is treated differently than the other two, and thus three families
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are needed to cancel anomalies. These were analyzed in Ref. [102]. The second such
model is 3Li + 2Q X + Q 2, which also requires three families for anomaly cancellation.
This model has been analyzed in Ref. [110, 111].
Two models involve simple replication of the two one-family models, but take two
copies of the first one-family model and one copy of the second, or vice-versa, i.e. 2(Q2 +
L3)

+

(Qi

+

L 4 )

and 2(Qx +

L 4 )

+

(Q2 + L3). Since the lepton generations are not

all different, we will not consider these models further, although they have not, to our
knowledge, been studied.
The two models of interest treat all of the lepton generations differently. They are
Model A: L x + L 2 H- Lz T* Q i + 2 Q 2 &nd Model B: L x -I- L 2 -|- L 4 + 2Q x + Q2. Note
that each model has two “simple” lepton families ( L x and L 2 above) with one triplet,
and one more complex family, with three triplets. We now analyze the phenomenology of
these two models. Note that one cannot determine which (e, /i, r ) lepton belongs to which
representation, and so we will consider all six possible permutations for each model.

3.3

The Scalar Sector
The scalar sector of 331 models has been extensively studied [107, 112]. Here, one

can see a substantial advantage to b = 1/2 models. In the original b = 3/2 models,
the minimal Higgs sector consists of three SU ( 3 ) l triplets plus an S U (3 )l sextet. In
the b = 1 / 2 models, three triplets are sufficient. One triplet breaks the SU (3 ) l x [7(1)
gauge symmetry down to the standard model, and the other two are necessary to break
the S U (2)L symmetry and to give the fermions mass. A very comprehensive analysis of
the scalar sector in all previously considered models can be found in Ref. [112].
Although the models we are considering are b = 1/2 models, it is not a priori obvious
that three triplets will suffice to give the leptons mass, since the different families have
very different structure. Our Model A has five charged leptons (the e, fi, r and two exotic
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leptons), and Model B has seven charged leptons (with four exotic leptons). Fortunately,
as will be seen in Section 3 .4 , three triplets will suffice to give the charged leptons mass.
We will not consider neutrino masses in this study since the number of fields and the
various options (which exotic neutrinos correspond to which right-handed neutrinos, for
example) will rule out any substantial predictive power.
The first stage of breaking from S U (3 ) l x (7 (1 ) to 5 7 7 ( 2 ) x (7 (1 ) is carried out by
a triplet Higgs, $ , 4 , which is a ( 3 , 1 / 3 ) under the SU (3 ) l x (7 (1 ) group, and its vev is
given by

/o\
< *A > =

(3.11)

0

\v /
Note that the second component of the triplet is neutral, and could also get a vev, but
that can be removed by a gauge transformation. Five of the gauge bosons acquire masses
of 0 ( V ) , while the remaining four are massless at this stage. One can easily see that
this vev will give masses of 0 ( V ) to the U and D exotic quarks, and in previously con
sidered models, to the E exotic leptons as well. These masses are phenomenologically
constrained to be substantially larger than the electroweak scale.
The second stage of symmetry breaking requires two Higgs triplets, $ 1 and $ 2 with
quantum numbers (3, —2 / 3 ) and ( 3 , 1 / 3 ) respectively. If one only wished to break the
gauge symmetry, then one triplet would suffice. However, giving mass to the fermions
requires a second doublet. This is not too surprising, since the quark masses in the stan
dard model necessitate a Higgs doublet H and ir2H* to give masses to the down and
up quarks, respectively. In 5 ( 7 ( 2 ) 2 = 2, but this does not apply in 5 ( 7 ( 3 ) . Thus the
low-energy theory is a two-doublet model. The vevs of these doublets are

/V \/2 \
0

<*i> =
V

o /

/

0

\

V2/ V 2

<$2

\

0

(3.12)

/

where v \ -1- v\ = (246 GeV)2. Note that the third component of $ 2 could acquire a
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nonzero vev, but this will not involve S U (2 ) breaking and will be irrelevant.

3.4

Yukawa Couplings
With the fermion representations discussed in Section 2 and the scalar representa

tions discussed in Section 3, we can now write down the Yukawa couplings and mass
matrices for the charged leptons. Let us first write down the fermion representations more
explicitly.
For Model A, the fields, followed by their SU (3 ) l x [ /( 1 ) quantum numbers, are
(with the subscript L understood)

/ Vi \
,( 3 ,- 2 / 3 ) ;

e?, (1,1);

£ ‘,(1 ,1 )

(3.13)

\E J

(e j\
i ’j =

Vi

( 3 ,- 1 /3 ) ;

e‘ , ( l , l )

(3.14)

\N °J

(
'ipk =

\
Vk

/N°4k\
,( 3 ,- 1 /3 ) ;

</4 =

( 3 ,- 1 /3 ) ;

M =

El

\W J

,(3 ,2 /3 )
(3.15)

where the N ° could be a conjugate of either the v or another N°, and the generation labels
i, j and k are all distinct. Note that the model contains five charged leptons: the standard
three plus two exotic leptons.
For Model B, the fields are
/ Ui \

,( 3 ,- 2 / 3 ) ;

e ? ,( l,l) ;

£ ‘ ,(1 ,1 )

\E J
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,( 3 ,- 1 /3 ) ;

*l>j =

e^, (1,1)

(3.17)

V at; /

il>,k =

ek

\

(

f Vk \
,(3, - 2 /3 ) ;

iVffc

,(3 ,1 /3 );

\E ik )
( N 3k \
E 2k

,( 3 ,- 2 /3 ) ;

(3.18)

\ E 3kJ
where the last three fields are singlets. Note that this model has seven charged leptons:
the standard three plus four exotics.
From these representations, and the scalar fields (with their vevs) in Section 3, we
can write down the mass matrices for the charged leptons. The mass matrix for Model
A is 5 x 5 and for Model B is 7 x 7. From these matrices, the Yukawa couplings to
each scalar field can be trivially obtained by replacing the vev with the field. The Yukawa
couplings and full mass matrices are given in Appendix B. If one takes the limit in which
Vi = v2 = 0 , then each of these matrices has three zero eigenvalues, indicating that the
exotic leptons all get masses of 0 ( V ) . Since V must be large, we can take the limit as
V —>oo, and find the effective mass matrices for the three standard model leptons. Note
that we do not know, a priori, which of the leptons is in the first, second, or third rows, so
each model will have six permutations.
For Model A, we find that the mass matrix is of the form

M a = —=
\/2

/ hiv 2

h 2v2

0

h3vi

hAVx

h 5v2

\ h6v i

h7v i

h8v2)

\
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where the hi are constants. The Yukawa coupling matrices are then
0

/ h\

°\

(°
h

/14

0

\ he

hr

0

$1

+

)

h2

0

^

0

0

h5

V0

0

h8 J

$ 2-

(3.20)

For Model B, the mass matrix is of the form
/ Kv2

h'3v2\

h'2v 2

h'^v-i
V h'7v 2

Kv!
ti8v2

(3.21)

hgV2 /

and the Yukawa coupling matrices are
(0

0
0

K

K

K

V0

0

0

(K

^
$1

)

+

0

\ h '7

h'2

K \

0

0

K

h j

$ 2-

(3.22)

These Yukawa coupling matrices are certainly unusual. Note that diagonalizing the
mass matrices will not diagonalize the Yukawa coupling matrices, and thus one will have
lepton-flavor-changing neutral currents in the Higgs sector. This is just the GlashowWeinberg theorem [113]. To determine the size of the lepton-flavor violation, one simply
must diagonalize the mass matrix and read off the Yukawa coupling matrices in the diagonalized basis.
Unfortunately, such a procedure will not be useful. The matrices have far too many
free parameters. Worse, in general fine-tuning will be needed. We define “fine-tuning” as
a situation in which several terms add together to give a term that is much smaller than
any individual term. In general, fine-tuning will be needed to give the electron a small
mass1, and it is unclear how this fine-tuning will affect the Yukawa coupling matrices.
In order to avoid fine-tuning, and to give the matrices a non-trivial structure, we
will assume that the matrices will have a Fritzsch structure [114, 115, 116]. The original

‘There are trivial exceptions. For example, in MA, if hi is very small, and all off-diagonal terms vanish,
then there is no fine-tuning (and no flavor-changing neutral currents).
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Fritzsch matrix was of the form
/0
A

\0

A

0\

0

B

(3.23)

B Cj

where C ~ m T, B ~ ^ / m ^ m T and A ~ ^ m ern~. This matrix has the correct eigenvalues,
is parameter-free and does not have fine-tuning. It was shown in Ref. [117] that a wide
variety of matrices, such as those with nonzero values in the 1 ,1 and 2 , 2 elements, will (if
one requires that there be no fine-tuning) yield the same flavor-changing-neutral structure
as the Fritzsch structure. We expect that the general case will give the same qualitative
results.
Since the matrices we are considering are not symmetric, we will write the desired
mass matrix as

(

\

0

a ^ / m em ^

0

b^/mem ^

0

c^/m Mm T

0

d^Jm^nri^

emT

^
(3.24)
)

where a, b, c, d and e are all of order 1. In general, with multiple scalars, the individual
Yukawa couplings would be of this form, with ]T)a = ^ i > = ^ c = ^ d = ^ e = 1.
So, for a given model, and a given choice of permutations of i, j and k, one compares
this matrix with the mass matrices M A and M B, and reads off the values of a, b, c, d and
e. Then the mass matrices are diagonalized, and the Yukawa coupling matrices in the
diagonal basis are determined. It turns out that the procedure is only consistent for Model
A if j is the second generation, and thus we have a total of 4 Yukawa coupling matrices for
Model A (two choices of 4>i or $ 2 , and the choice between i = 1, k = 3 or i = 3, k = 1),
and 12 Yukawa coupling matrices for Model B (two choices of 4> and six permutations of
i, j , k). However, the results are simplified in Model B by the fact that if we permute the
first and third indices, the Yukawa coupling matrices are identical, so there are only six
different matrices.
The Yukawa couplings are given in Table 2 for Model A and in Table 3 for Model
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B. We label Model A1 and A2 as corresponding to (i , j , k ) = (e,|Lt,T) or (r ,/i,e ) , re
spectively, and we label Model B l, B2 and B3 as corresponding to (e, /j,, t ) , (e, r, fx) or
(fi, e, t ), respectively.
A1

scalar
/

A2
/

0
r\

\ y /m ernT
/
me

J m um r
y /m em lu

0

$2

0

-Trip

/mu

-m »

0

0

mu

0

/
\

)
0

u

]

0

\ —yJmem T

\ - m^VW T
(
me

mT+

/

yJmem T \
yjm^nir

\ mn \/W

0

- y / m em T ^
- v/m Atm T
m r + mM/

TABLE 3.2: Yukawa coupling matrices to $ 1 and $ 2 for Model A. All entries are to be divided
by \Jv\ + vl/y/2 = 175 GeV. The specifi c models are discussed in the text.

scalar

Bl
y/mem IJj
-ra M

{ 0
0

\°
( me

$2

y/rriem^

0

0

\ 0

0

scalar
fm e
0

V 0
/0
$2

B2

yJmemT ^
yjm^rrir
J
-y/mnem r ^
-^m^rrir
m T + rrifj, )

B3
yjmjnp

m liy/ ^ \

0

0

- y / m em ^

0
/
- m ^ ^ \

~ mn / W

mr + Z m J

0

/0

0

\ 0

0

—y/memT \
mT+

0

(J
-rrtfj,

0

- mn f^ r

( me

k

0

0

J
yJmem T \
s/m^nir

0

\°

TABLE 3.3: Yukawa coupling matrices to $ 1 and <f>2 for Model B. All entries are to be divided
by yjv\ + v\l\f2 —175 GeV. The specifi c models are discussed in the text.
Note that we have tacitly assumed that the two Higgs triplets in the low-energy sector
do not mix. This is for simplicity. One can easily find the couplings of one of the physical
Higgs bosons by including an appropriate (and unknown) mixing angle. In our discussion
of the phenomenology, this angle will play an important role, and it must be kept in mind.
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Note how unusual some of these Yukawa coupling matrices are. For example, in
Model B3’s coupling to <&i, the Yukawa couplings to t — t , /i — t and fj, — /i all vanish,
leading to an effectively leptophobic Higgs boson. We now turn to the lepton-flavorchanging phenomenology of these models.

3.5

Leptonic Flavor-changing Decays
In all of these models, there are Higgs-mediated lepton-flavor-changing neutral cur

rents (FCNC) arising from the off-diagonal terms in the Yukawa coupling matrices. This
will lead to /i and r decays which violate lepton number. The leptonic decays of the t ~
e~e~ji+,

are into e“ e "e + ,

and the /x decay is into

e~e_ e+.
The decay rate calculations are straightforward [118, 119]. Given the experimental
upper bound on the decay rate for each of these processes, one can find a lower bound on
the mass of the exchanged Higgs boson. The rate is inversely proportional to the Higgs
mass to the fourth power. Examining all of the Yukawa coupling matrices in the previous
section, we find that this lower bound is always less than 4.9 GeV. Since the experimental
lower bound is more than an order of magnitude higher, these bounds are not competitive.
One can still have one-loop radiative decays. Again, the bounds from r decays ( r —>
e'j, t —* /ry) do not give strong bounds. The strongest is from t —>fj,7 in Models A l, A2,
B l, B2 in which the first three involve coupling to $ 2 and the last to $!• However, even
this lower bound is only 50 GeV, and is marginally competitive with current experimental
bounds.
A much stronger bound comes from // —►ej. Here a r can be in the loop. The
formula for the decay rate [ 1 2 0 ] is
r
1^

_ h2 h 2 a m Tm » Tn(mh/m T)
~ a^ a&T 128tt4
m2h
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where the hij are the Yukawa couplings, and m h is the scalar mass. This result does not
change if the relevant scalar is a pseudoscalar.
Plugging in, one finds a lower bound of 230 GeV on the exchanged scalar mass for
models A l, A2, B1 and B2, regardless of which scalar is used. However, for several
reasons this bound is quite uncertain. First, we have a Fritzsch ansatz, and without that
assumption the Yukawa couplings are only order-of-magnitude. Second, we have ignored
mixing angles, which could also lower the Yukawa couplings substantially. Third, these
models can have heavy leptons in the loop, and cancellations are possible. Thus, the
numerical bound should be taken cum grano salis, but it is clear that // —►e7 may be
quite close to detection in these models.
Note that Model B3 was not included in the above paragraph. In the coupling to $ 1,
there is no bound coming from muon decay; in the coupling to <3>2, there is a bound of 7.3
GeV on the Higgs mass. So the model is unconstrained by muon decay, and the Higgs
bosons in this model could be very light.
We now turn to lepton-number violation in Higgs decays.

3.6

Lepton-number violating Higgs Decays
We have a two-Higgs model in the low-energy sector. Here, mixing between the

Higgs scalars (which will generically occur and depend on parameters of the scalar po
tential) can have a major effect on the branching ratios of Higgs bosons. For the moment,
we will ignore these effects, but they are important and will be discussed shortly.
In the conventional two-Higgs model, one Higgs doublet couples to the Q = 2/3
quarks, and the other to the Q = —1/3 quarks and the charged leptons. The latter’s
primary decay into fermions is thus to bb, with the t +t~ decay being a factor of ^

~ 25

smaller. O f course, the primary decay mode could be W W , W W * , Z Z or ZZ*, depending
on the mass of the Higgs. Here we will only look at the primary fermionic decays, which
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are relevant if the Higgs mass is not too much larger than its current lower bound (if it
is larger, the fermionic decay branching ratios might be small, but certainly detectable
at the LHC). The primary fermionic decay mode of the Higgs that couples to Q = 2/3
fields would be into it if kinematically accessible, and cc if not. It will not couple to
the charged leptons. If the mixing angle is not too small, then the latter field’s primary
fermionic decay is also into bb.
In both models under consideration, one of the quark generations has a different
structure than the other two. The unique generation is generally assumed to be the third
generation, an assumption we concur with. If it is not, there will be flavor-changing
effects in the kaon sector which will be phenomenologically problematic.
Then, again ignoring mixing, the scalar that couples to bb will not couple to the
charged leptons. The field coupling to the charged leptons will couple to the strange
quark and to the top quark. If its mass is below 360 GeV, then its primary fermionic
decay is into the charged leptons and the strange quark2. In this case, we can calculate
the fermionic branching ratios for the five models under consideration, and show these in
Table 3.4.

Model

W

(iT

rr

ss

Al
A2
B1
B2
B3

0

.94
.93
.04
.93

.01

0

.05
.06
.72
.06

0

0

0

100

0

.04

.01
.2 0
.01

TABLE 3.4: The fermionic branching fraction into various final states for the Higgs that does not
couple to the b-quarks in the various models. We have explicitly assumed no mixing between the
Higgs scalars, and that top quark decays are not kinematically accessible. The decay into gauge
bosons will dominate if they are kinematically accessible.

The results in Table 3.4 are interesting. In Models A l, A2 and B2, we see that the
2 Actually, if it between 270 and 360 GeV, then the three body decay through a virtual top into tbW will
dominate.
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inversion of the bottom-top quark doublet takes the field that would “normally” decay
into bb, and (since the top quark is too heavy) makes its primary decay mode r + r - . This
would be a very dramatic signature. In Model B3, in which the Higgs is leptophobic
(and in which, as shown in the last section, radiative muon decay does not bound the
Higgs mass), there are no leptonic decays, and the primary decay mode would be into
ss. The most unusual model is B l, in which the primary decay mode is into pr. This
monochromatic muon would give a very dramatic signature.
All of these signatures are quite dramatic. How realistic is this scenario? Abandon
ing the use of the Fritzsch ansatz will have effects of 0 (1 ) on these results, but will not
change the general results. However, the assumption of no mixing between the doublets
will have a substantial effect on the scalars (the pseudoscalar will not, in general, have this
mixing, and thus the results of the above paragraph will apply). For the scalars, mixing
means that the branching ratio into bb is not negligible. For Models A l, A2 and B2, the
fermionic branching ratio into bb relative to

t +t~

is approximately 25 sin 2 9, and thus the

individual branching ratios must be reduced accordingly. For Model B3, the fermionic
branching ratio into bb is approximately 1000 sin 2 9, and thus the primary decay mode
will almost certainly be into bb, unless the angle is extremely small. For B l, the fermionic
branching ratio into bb is approximately 400 sin 2 9, and thus it is likely that bb decays will
dominate, although the remarkable p r decay mode will still be substantial. Note that the
signature for p r decays is very clean, and branching ratios of 10- 4 can be detected. As a
result, in all of these models except B3, the Higgs decay into p r is detectable.
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3.7

Bounds on the Gauge Boson Sector
The electroweak Lagrangian (with the kinetic terms dropped) may be written in the

form
d

£ = E * ( f •M S + 9'XB“)ipi = £ >

;

jl ,,^

■%w-“

A?

Ipi
A?

}

where

Df=9( f +5 |) +^
BS = s ( - T + 3 ^ ) + ^
(3.26)
and the sum is over all ip in the model. With the relationship sin 2 9W = Zgl+Agn defining
the electroweak mixing angle, we find that the diagonal terms reduce to combinations of
the expected neutral gauge bosons A Mand Z 11, plus a new boson, the Z 'M. The photon
and Z have the same couplings and Feynman rules as the SM, and therefore display no
unusual characteristics. However, the Z ' has vector and axial couplings which depend on
the particular lepton generation, Eqs. 3.5-3.8 , leading to FCNC.
In terms of the SU{3) l 0 U{l) x gauge bosons, we find that the low-energy fields
are given by [ 1 1 2 , 1 2 1 , 1 2 2 ]

Au = SwAl + C w l ^ A l + ^ / l - ^ f B ,
=

=

Cw A l - S w (

+ Y1—

Tw as , Tw d
-t a * + 7 1

where S w — sin $w, Cw = cos 6w, and Tw = ta n 9W- These fields have the eigenvalues
Mi

= 0;

~

3g 2 + 4g,/2
3g2 + g'2

(vl + vl)]

M\

2[3g 2 + g ,2] V
T/2
\

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(3.27)

43
The Z' has a vertex factor of the form - i \ 7 M (C y - C a 7 s) where the C v,a are
family-dependent, and given in Table 3.5.

Family

Cy
105^7

L x, L a
T„
-^2

,

a /s -4

0

6

-4

S2w

Sw
s*w

a/ 3

\ / 3~ 4^w
Sw

-4 5 ^

Sw

Sw

V 3~ 4SW
QSw

a/ 3

Sw

V 3~ 4SW
8Sy/

T 3„
-k

CA
\/3 -4 ^

a /3 -4

S 2W

Sw

2 Sw

V 3~ 4Sw
4 Sw
V 3- 4 ^
2 Sw

—4S'ypr

TABLE 3.5: The Cy and Ca for the various lepton families. A common factor of
been factored out of each. Note that Ca is the same for £ 1 ,3 ,4 .

has

A recent analysis of precision electroweak (EW) bounds in 331 models without ex
otic electric charges[121] gave a lower bound of 1400 GeV on the mass of the Z'. Since
the S U ( 3 ) l <S>U ( l ) x representations are different for each lepton family, one expects Z' mediated FCNC. As discussed in the last section, the mixing matrix between the S U (3) l
eigenstates and the mass eigenstates will have too many free parameters. To estimate the
size of the Z' FCNC, we therefore again use the Fritsch ansatz. Failure to use this ansatz
results in too many parameters. This results in a mixing matrix with no free parameters
but the lepton masses. To determine the FCNC couplings of the Z' , one picks the model
and diagonalizes. Using the CV and Ca in Table 5, one reads off the couplings for each
particle. These couplings will be a linear combination of the family couplings. Since the
C y differ for each family, there will be FCNC.

The most stringent bound on M z > is found from /x —*■ 3e decays. The formula for
this decay rate is
7X777,5 /

^ = ~1Q8 \ 247TC

\ 4
w M z 'J

^ A e ^ i^ V e e

+ C A ee)

^C y e ^ C A e n C v e e C A e e \
(3.28)

Given that we do not know which family corresponds to which lepton, we try all possi
bilities. This provides bounds that range from 2 TeV in Model B2, to between 20 and 40
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TeV in the other models. A similar calculation using r —> 3/z or fi —►

provides much

weaker lower bounds. Thus precision EW bounds will not be relevant in these models.
A bound of 20 to 40 TeV is discouraging since the Z' will be beyond the reach of
the LHC, and because fine-tuning will be needed to explain a new hierarchy problem.
Nonetheless, Model B2 does not need substantial fine-tuning, and the Higgs decays in
any of the models will provide distinct signatures.

3.8

Conclusions
We have studied a pair of 331 models that have not previously been examined. The

defining characteristic of these models is that each lepton generation has a unique struc
ture. This leads to FCNC decays mediated by the light Higgs and Z' boson. Z' mediated
li —> 3e provides a lower bound of 2 TeV for M'z in Model B2, and between 20 and
40 TeV in the others. These models will all have interesting Higgs decay signatures. In
particular, $ —* /rr could show up clearly at the LHC.
Having studied the charged leptons, it would be interesting to investigate the neutral
leptons. As mentioned before, if all possible terms are included, there are too many
parameters for any predictive power. However, if we limit the allowed terms to those
could produce CPT violation, as in Chapter 2, we are able to find some results of interest.
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CHAPTER 4
CPT Violation in 331 Neutrinos

4.1

Introduction
For this project, we wish to explain a particular experimental result, namely the

LSND anomaly and other neutrino oscillation data [20, 21, 22]. This data provides
good evidence for the disappearance of neutrinos over distances characterized by L / E (in
km/GeV) > 100 [123,124,125,126,127]. This suggests that a proper description of neu
trinos involves two representations [128], one characterized by distinct flavor, the other
by distinct masses. These representations are related by the PMNS matrix [129, 130].
From experiments looking at solar neutrinos, we find that not enough ve are arriving
at the earth. Similarly, reactor experiments have shown that ue also disappear between
the reactor and the detector. One finds this solar [131, 132, 133] and reactor data is best
described by a best-fit mixing angle between the m i and m 2 mass eigenstates of d12 ~ 34°
and a mass-squared difference of A m \ 2 « (8.0 ± 0.3) x 10“ 5eV2. Furthermore, reactor
experiments [134, 135] can also determine that the value of #i3 « 0. Another set of data
determines that there is a disappearance of atmospheric neutrinos. These are created by
cosmic rays hitting the atmosphere and decaying into pions, which then decay into muons

45
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and from there into electrons. This creates a large number of muon-type neutrinos and
antineutrinos, of which too few are seen. However, there is not a measurable increase in
electron-type neutrinos to correspond to the disappearance of the muon-type. This implies
that the atmospheric neutrinos are oscillating to tau-type neutrinos, which is described
with a mixing angle [136] of #23 ~ 45° (specifically, sin2(26l23) = L O O l^ ^ 0-04) and
a mass-squared difference of A m \ z = (2.721^25 ± 0-13) x 10_3eV2. All of these effects
can be described by two mass-squared differences.
However, the LSND experiment cannot. This was done at Los Alamos with a beam
of mostly

where there was a « 0.2% appearance of ve at the detector. Given the

relatively short baseline for this experiment, this data requires a much larger mass-squared
difference, on the order of 0.1-1 eV. This cannot fit into a conventional three-neutrino
scheme, however. Incorporating CPT violation in the neutrino sector can help explain
the LSND result [12, 137]. The usual difficulty caused by this is that CPT violation is
tightly constrained by experimental results in all other sectors of the SM [138]. This will
not necessarily affect the neutrinos, however. CPT violation will most likely appear as
a difference in the masses between the neutrinos and antineutrinos, which are currently
very poorly determined [69].
However, it is possible that the CPT violating terms are induced at extremely high
energy scales, one that has not yet been within the reach of experiment. Indeed, one would
expect there to be some CPT and Lorentz-violating effects in string theory, because it is
inherently nonlocal [24, 25, 26, 27, 28, 29, 30, 31]. Through mixing or other effects, it
could then affect everyday scales. For example, the CPT violation could occur in 331
models in connection with one of the exotic massive neutral leptons. From there it could
mix to have an effect on the light neutrinos in the SM. Note that these effects will be most
prevalent in 331 models that have a highly generation dependent structure, as the exotic
leptons do not exist in all of the lepton families. Indeed, the appearance of these effects
in the SM leptons will be most apparent in models where some of the generations do not
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have their own exotics, for example those presented in Chapter 3. Section 4.2 contains
a description of the neutral leptons studied in this project, Section 4.3 introduces a CPT
violating term and shows how it affects the SM neutrinos, and Section 4.4 contains our
conclusions.

4.2

The Models
Once again, we are applying Models A and B from Chapter 3 to this problem. For

the reader’s convenience, their description is reproduced here, with an emphasis on the
neutral leptons.
For Model A, the fields, followed by their S U ( 3 ) l

x

17(1) quantum numbers, are

(with the subscript L understood)

(

\
,( 3 ,- 2 / 3 ) ;

ipi =

ef, (1,1);

E ?,( 1,1)

(4.1)

\E J

Vi

,( 3 ,- 1 / 3 ) ;

e.c, ( l , l )

(4.2)

V jv ” /
( ek \
A =

Vk

\E ? k ;

{N Zk \

( Ek\
,( 3 ,- 1 /3 ) ;

N°2k
\m \k)

,( 3 ,- 1 / 3 ) ;

^

=

E ck

V

,(3 ,2 /3 )

el ]
(4.3)

where the N ° could be a conjugate of either the v or another N °, and the generation labels
i, j and k are all distinct. Note that the model contains eight neutral leptons: the standard
three plus five exotic leptons. It is also possible to add any number of neutral singlets
desired. However, we will not do this. While we wish to discover an effect, we wish to
do so with only those terms necessary in the model, to maximize predictive power.
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For Model B, the fields are

/

Vi \
,( 3 ,- 2 /3 ) ;

e ? ,( l,l) ;

£ tc, ( 1,1)

(4.4)

\E J

/«i\
Vi

e% (1,1)

,( 3 ,- 1 / 3 ) ;

(4.5)

\N?/
( vk \

/ E^k \
,( 3 ,- 2 /3 ) ;

^

,(3 ,1 /3 );

N?k
\ ^ kJ

\ E lk )

( N3k\

rk =

E-2k

9+ .

,( 3 ,- 2 / 3 ) ;

7? C

.

7?iC

(4.6)

\ E 3kJ
where the last three fields are singlets. Note that this model has seven neutral leptons:
the standard three plus four exotics. Again, the N ° could be a conjugate of either the v
or another N °, and the generation labels i , j and k are all distinct. We will continue to
refrain from adding neutral singlets.
There are three Higgs triplets <3?i, $ 2, and <3?a available for these fermion fields
to couple to. They have SU (3) l x (7(1) quantum numbers of (3 ,—2/3), (3 ,1 /3 ), and
(3,1/3) respectively. These scalars have the vevs:

/vi/V2\
0

<*!> =
V

o /

(

0

\

(0 \

u2/ V 2

<*2>

\

0

(®a ) =

/

0

(4.7)

\v j

From this we get the minimum Yukawa couplings and mass matrices for the neutral
leptons that must exist in these models. For Model A the relevant Yukawa couplings are:
E y ,A =

€a^7 (52^x(V ’fcL)^+P4^fcL(V’fc£)^ + ^
+ ea/37

+ 9d%L{ &

/fcL(<£)/3) ^

+ 05^ w M l ) '* ) $ 2
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resulting in the mass matrix
/-

-

-

0

0

0

0

0 \

-

-

-

0

0

0

0 g2V

-

-

-

0

0

0

0 g4V

0

0

0

-

0

0

0 giV2

0

0

0

0

— 0

0 g$V2

0

0

0

0

0

-

0 g6V

0

0

0

0

0

0

— g5v2

0

0

-

(4.9)

\0

0

0

0

0

/

where the ordering is z^, Vj, uk, N °, N°k, N$k, N£k, N%k. Note that none of these terms
is on the diagonal. The dashes in the above (and following) matrix (matrices) represent
mass terms that are there, but are not induced by minimal 331 effects. They will be
caused by mass terms with right-handed neutral singlets, the see-saw mechanism, or other
mechanisms that may give the SM (and other) neutrinos mass. By minimal 331 mass
terms, we mean only those that cannot be avoided in these models, i.e. those that must
exist due to the Higgs and fermion field structure. There could be more 331 terms, but
they would involve adding neutral singlets to the basic field structure. However, we may
identify N%k as the conjugate of N£k. Doing so gives us a mass matrix of
/ -

-

-

0

0

0

0 \

-

-

-

0

0

0 g2V

-

-

-

0

0

0 g4V

0

0

0

-

0

0 giv2

0

0

0

0

—

0 gzV2

0

0

0

0

0

— gsV2

\ 0

0

0

0

0

0 g&V J

(4.10)

with the ordering z/j, Uj, uk, N °, N°k, N£k, N%k. This gives us one massive (on the order
of ~ 1 TeV) neutral lepton. The others still have their usual SM masses.
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Similarly, for Model B the relevant Yukawa couplings are:

C Y ,B

=

ea 0 J

{ g d ' akL{ ^ C
iLf + 5

+ e « /* r (

g

($ ^ )7

5

( 4 . 11)

+ g ^ ' k L ^ k L f + g z ^ ' k L i ^ k i f ) ( $ 2)7

i

resulting in the mass matrix

/

\

-

-

-

0

0

0

0 \

-

-

-

0

0

0

0

-

-

-

0

0

0

0

0

0

0

-

0

0

0

g4V

0

g5V

0

-

0

gQV

gxv2 0

g2v2

0

0

-

gzv2

0

0

0

(4.12)

- J

0 0 0

Vj, uk, N °, N°k, N%k, N£k. Again, there are no 331-induced

where the ordering is

diagonal terms or SM neutrino masses. However, we may identify N °k as the conjugate
of N£k. Doing so gives us a mass matrix of

— — 0 0
— — — 0 0
— — 0 0

0

11

0

/ -

0

0

— 0

0

0
(4.13)

giv2 0 g2v2 0 — 03^2
\g±V 0 gnV 0 0 g&v )
with the ordering

Uj, vk, N °, N£k, N%k. Once again, the minimal 331 mass terms

result in a single massive neutral lepton, and there are still no 331 masses for the usual
SM neutrinos. However, both models have off-diagonal terms that will cause interesting
effects through mixing.
From here on, we will assume that the mass and flavor eigenstates of N%k (N^k) in
Model A(B) are essentially identical, with minimal mixing with any other states. We will
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also assume that v2 <C V , and hence those terms can be ignored as having minimal effects.
Note that they provide no mixing between the SM and exotic neutrinos, which is how
interesting effects will arise. Finally, we will assume that the SM neutrinos get masses by
some means other than the 331 model, for example the usual see-saw mechanism. This
results in mass matrices of the form

mu

rhl2

777.13

777,21

m 22

™ 23

92V

m 31

777,32

77733

9aV

0

0

0

/ 777,11

fhi2

rh 13

0 \

777,21

77722

rh 23

0

rhz 1

rhz2

rh zz

0

0

9sV

(

0 \
(4.14)

\

g6V )

for Model A and

(4.15)
\ 9 aV

9&V /

for Model B. Note that now we are tacitly assuming that i, j, k =

r . The diagonaliz-

ing matrix which takes the matrices in Eqs. 4.14 4.15 to the mass eigenstates is:
/I
0

0

0

COS $23

sin $23

/

0\

sin $13 e

-iS

cos $13

0

o

1

0

0

- sin $i 3e*5

0

COS $ 1 3

0

0

0

0

0

0\

X

0
\0

- sin $23
0

cos $23 0
0

1

/

/ cos $12
- s i n $12

\
sin $12

0

0

cos $12

0

0

1/

\

x

(4.16)

\

0

0

1 0

0

0

0

1/

where we will assume that $ i3 = 0 due to the results of reactor experiments. This is
simply the usual neutrino mixing matrix, extended to a fourth neutral lepton that has no
direct mixing.
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4.3

The Appearance of CPT Violation
From the SME [4, 33, 34] it is possible to write down a Lorentz-invariance violating

CPT-odd term involving neutrinos [9, 10, 12, 69, 70, 139]:
.0

■•CPT—
odd

(4.17)

where a. and j3 are flavor indices. For the purposes of this research, we are assuming that
a = (3 = N%k(N%k) for Model A(B). The
mass term of the form m n +

7 ^7 5 -

term in Eq. 4.17 results in an addition to the

This has eigenvalues of the form mjv ± A, where

A = 'J g itvb^bv. Hence, the effect of this term is to change the mass of the N ° from mjv
to rriN ± A. An intriguing feature of this term is that despite violating CPT invariance, it
is isotropic.
This allows us to write down a perturbation to the mass matrix for each model con
taining the CPT violation. The fh ab are the ab elements of the SM neutrino mass matrix
in the flavor basis. For Model A the resulting mass matrix is
mu
( m-,1

mi9
m
i2

mis
rh 13

0

m 2i

m 22

m 23

92V

7^31

ra-32

m 33

g*v

0

0

0

g6V ± A J

\
(4.18)

which splits into solvable and perturbation parts of
/ ?^ii

m i2

" il3

0

m2i

" I2 2

rh23

0

rf131

rh32

rh33

0

0

0

g&v)

V0

(0

\

0 0

0 \

0 0 0 g2v
+

0 0 0 g*v
0 0

±A )

Note that we are assuming that ^ 2 ,5 4 -C g&.
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Similarly, for Model B the mass matrix is

rhi2

rhiz

0

77721

777.22

^23

0

m 31

777.32

m 33

0

/ mu

\

(4.20)
\ 94V

0

g5V

g6V ± A j

which is split into solvable and perturbation portions of
/ 777-11 777-12 TTi-13
77721

m 22 ™23

0 \

/

0

0

0

0

0 \

0

0

0

0

0

0

0

0

0

g$V

±A/

(4.21)

+
7773i
\

0

77732 ?™33
0

0

0
g6v )

\ g AV

Note that we are assuming that <74, <75 <C g&. In both cases, the the solvable portion is
exactly diagonalized by Eq. 4.16.
Given that the eigenvalues of the square of a matrix are simply the squares of the
eigenvalues of a matrix, we may perform perturbation theory on the mass eigenvalues
for the neutrinos. This is done by taking the flavor mass matrix, adding the perturbation
matrix to it, squaring this result, and then subtracting the square of the flavor mass ma
trix [38]. When the resulting matrix was multiplied on the left and right by the appropriate
eigenvector, the first-order perturbation for that eigenvalue resulted. The perturbation the
ory was carried out to second order.
As a useful example, this procedure may be applied to the seesaw mechanism. That
is, we take a matrix
(4.22)
and split it into a zero-order operator and a perturbation:
(4.23)
The eigenvectors for the zero-order operator are trivial, and when applied to the per
turbation matrix, give a first-order modification to the eigenvalues of 0. However, the
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second-order perturbations result in modifications to the eigenvalues of

exactly as

found in the seesaw. This is precisely the procedure done with the CPT-violating pertur
bations. The only difference is that the perturbations in the latter case are not symmetric,
and hence we square the matrices prior to performing perturbation theory on them.
If we assume that dy2 = 023 — f from experiment and to make the relationships
between the values clear, we find that the first-order perturbations are

(ml)' = v 2^(g2 - g 4)2
{ m l) ' = V 2^{g 2 - £4)2

(m 2y = y 2 1

+ g^ 2

(4.24)

for Model A. Note that

perturbation for the mi and m 2

eigenstatesare identical, with

ra3 being different. This

could help explain the hierarchy

implied by the solar and atmo

spheric neutrino measurements. Similarly, for Model B we have

(rn\)' = V 2 Q ,g\ + ^ £ 4 2 5 + ^

5

)

(ml)' = V 2

5

)

+ ^

( m i)1 = V 2\ g \ .

(4.25)

While the perturbations to m \ and m 2 are not identical in this model, that for m 3 has the
interesting characteristic of being independent of g4.
The CPT-violating terms show up at second order. If we assume that

m 3 -C

g6V, then for Model A they are
(m ? )" =

=

F

% 6

-

9 4 )2

(ml)" = = F ^ i (g2 - gi f
96 ^

(m |)" = q: — (jte + 94 )2.
96

(4.26)

Again, note the fact that the perturbations for m 1 and m 2 behave identically. For Model
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B, the CPT-violating terms are

(4.27)
The relationship between these perturbations is given by
(4.28)
± y / ( y 2 + i ) W ) ” (m D " - ( 4 = - i ) [(m?)//2 + (m l)"2].
While not as clear-cut as Model A, this is a potentially measurable relationship.
To make better use of experimental data, these values were recalculated using (912 =
34°. The effect this had on the trends observed was rather minimal. In both models, there
was no effect on the perturbations to (m \) because they only depend on #23, as one would
expect. For Model A, we find that the perturbations to (m \) and (m 2) are no longer
identical. Instead, the ratio of the perturbations to ( m 2) to those of (m l) is

g*12) •

They retain the feature that if g2 = 54 then they vanish. For Model B, the first-order
perturbations now have the form

(mly = v 2 (2agl

+ bg4g5 + cgf)

(m l)' = V 2 (2cg2 - bgAg5 + agf)

(4.29)

where a, b, c are just numbers with values such that if c/4 = g5, then (m 2)' vanishes within
experimental error. The ratio of values for (to?)' and (m l)' given in Eq. 4.29 also hold for
the CPT-odd terms that appear at second order, just as they did for the original calculation.
To write the CPT-odd terms, simply replace V 2 by

in Eq. 4.29.
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4.4

Conclusion
In this investigation, we have looked at the neutrino sector of 331 models with unique

lepton generations. Specifically, the mass terms in these models that must exist given the
generation structure of the leptons. In principle, one could add to this minimal set of mass
terms, but there are so many potential terms once one does so that all predictive power
is quickly lost. We found that the 331 model terms give only one exotic neutral lepton
a mass (a relatively large one), and produce off-diagonal terms that lead to interesting
mixing effects when the mass matrix is diagonalized. The other mass terms, including
those for the SM neutrinos, must still be produced by a see-saw mechanism, or some
other mechanism unrelated to 331 models.
We then assumed that this massive neutral lepton had a CPT violating mass term due
to higher scale effects. It was found that at second order in perturbation theory (just like
using perturbation theory to produce the see-saw mechanism), this term results in all of
the SM neutrinos also having small CPT violating mass terms. This is particularly excit
ing in Model A, where m i and m 2 have very similar effects due to these perturbations.
Specifically, we find that the first-order perturbations are significantly smaller that for ra 3,
and that the ratio of the perturbations to (m 2) to those of (m f) is

• This seems

to have potential to match the experimentally determined mass-squared differences quite
well.
Finally, our goal was to demonstrate that incorporating CPT violation into a 331
model is capable of producing a of A m 2 structure capable of explaining all experimental
neutrino data, including the LSND anomaly. This is currently best done with a single
sterile neutrino, and CPT violation [20, 21, 22] so that neutrinos and antineutrinos have
different masses. We have just demonstrated that CPT violation can occur in the SM
neutrinos due to 331 model effects. Adding sterile neutrinos in 331 models is trivial, as
any number of right-handed neutral singlets can be added to a particular lepton generation
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with no effect on the anomaly cancellation.
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CHAPTER 5
Conclusion
Physicists are rarely satisfied with their work for long, even when theory matches
beautifully with experiment. Such is the case with the Standard Model of particles and
fields. Though the only evidence to date of physics beyond the SM are massive neutrinos
(which can be considered an omission for the sake of simplicity, rather than a fundamen
tal error), physicists nonetheless keep proposing models for what could happen at higher
energy scales than the SM is intended to describe. This is motivated in part by the hier
archy problem; the fact that we know nothing about what happens between the EW scale
and the grand unification scale except that presumably the strength of the electroweak and
strong force interactions converge. Given that a great many surprises and interesting phe
nomena occur between Newtonian scales and the electroweak symmetry breaking scale,
we expect there to be a great many discoveries in this energy range, as soon as they can
be experimentally accessed. Naturally, it would be nice to have a theoretical framework
in place to describe these discoveries by the time they are made. Therefore, theorists de
scribe extensions to the SM. We prefer extensions to replacements for the simple reason
that the SM does work extremely well over the appropriate energy range.
These extensions can come in a variety of forms. One of simplest in concept is purely

58
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phenomenological: take a phenomenon which may exist, and add the necessary terms and
parameters to the SM to describe it. In practice, this will tend to lead to a great many new
terms and parameters. These are usually theoretically justified as the results of higher
dimensional operators. An example of this type of extension is the SME of Colladay and
Kostelecky, describing Lorentz and CPT violation. We found bounds on the parameters
in extension to the Higgs sector. It was found that the CPT violating terms must be
extremely small, as they would create a vev for the Z boson. Antisymmetric CPT-even
Lorentz violation is bounded by the birefringence of empty space, while the symmetric
CPT-even Lorentz violating terms tend to be tightly bounded by atomic experiments,
albeit with some caveats.
Another method of extending the SM is to look at the gauge structure, make a logical
extension to it, and see what happens then. A representative of this sort of extension are
the 331 models, where the S U (3)c x S U (2 )L x U (l) y gauge group of the SM is extended
to SU (3)C x S U (3)x, x U (l)x - This provides a tempting candidate for the next step in
energy scale past the SM, at least in part because one version is a subgroup of the E 6
GUT group. We studied a pair of these models (and their permutations) which have the
interesting characteristic of all three generations of leptons having a different structure.
We found that while most permutations of these models had a bound of 20-40 TeV on
the mass of the Z ' boson, there is one with a bound of 2 TeV at present. Furthermore,
in these models one of the Higgs scalars is unable to decay to charm or bottom quarks
without mixing with another Higgs. This usually leads to /j,t decays, which even with a
low branching ratio will be quite obvious in an experiment.
A third type of extension occurs when it is desired to describe a particular phe
nomenon which the usual model seems to have trouble with. For example, the LSND
neutrino oscillation result does not fit into the picture of three massive neutrinos with two
independent mass-squared differences that experiment gets from solar and atmospheric
neutrino data. Incorporating the LSND result seems to require CPT violation in the neu
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trino sector (i.e. the neutrinos and antineutrinos have different masses) plus a sterile
neutrino. Therefore, we took the minimum number of mass terms that must exist in the
331 models previously studied, and added a CPT-violating perturbation from the SME.
We found that through perturbation theory, this adds a CPT-violating term to the mass of
the SM neutrinos. Furthermore, sterile neutrinos are trivial to add in 331 models.
There are many possible extensions to the SM. We have used two of them for three
different projects, with varying goals. None of the results have been ruled out yet, but
hopefully experiments in the next few years (LHC, MiniBOONE, and other neutrino ex
periments) will confirm or deny most of these models, or at least provide tighter bounds.
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APPENDIX A
Probing the Light Pseudoscalar
Window

A .l

Introduction
In many extensions of the standard model, the electroweak symmetry-breaking sec

tor includes additional weak doublets or singlets. New CP-even, CP-odd and charged
scalar states may be present in the physical spectrum. The masses of these particles are
typically of the same order as the weak scale, and fine-tuning is required to make them
much lighter. An exception occurs if the theory possesses an approximate global sym
metry: a CP-odd scalar may become a massless goldstone boson in the limit that such
a symmetry is exact, and a massive state that is naturally light in the case where the
symmetry is only approximate. We will henceforth refer to such CP-odd states as light
pseudoscalars.
The most familiar example of a light pseudoscalar is the axion [85, 141]. This
pseudo-goldstone boson arises in a two-Higgs-doublet model with a global symmetry
°This appendix was originally published as Ref. [140].
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that allows independent phase rotations of the two Higgs fields. The axion arises as a
consequence of spontaneous symmetry breaking and is exactly massless in the absence
of gauge interactions. The axion acquires a small mass due to the QCD anomaly, which
breaks this global symmetry at the quantum level.
In other models, a global symmetry may be broken more significantly by a small
parameter that appears explicitly in the Lagrangian. For example, consider the Higgs
potential for two Higgs doublets [142], with a $ 2
V

=

^ l $ 1+ ^

$

2

—$ 2

symmetry:

+ A1( $ t1$ 1)2 + A2( ^ 2)2

(A .l)

+ \ 3$ \ $ 1&2<i>2 + A4 |$ i $ 2 |2 + y ( ( $ ! $ 2) 2 + h.c.)
In the limit A5 —»■0, this potential has a (7(1) x U{ 1) symmetry in which each doublet
rotates by an independent phase. The spontaneous breaking of the diagonal U (l) sym
metry yields a goldstone boson that is “eaten” when the theory is gauged; the remaining
U (l), which rotates each doublet by an opposite phase, yields a physical goldstone boson
state. When A5 is nonvanishing, this pseudoscalar develops a mass given by m \ = —X5v 2,
where v = 246 GeV is the electroweak scale. In this paper, we will consider pseudoscalars
with masses in the 100 —200 MeV range, for phenomenological reasons explained below.
This can be achieved by setting A5 equal to a small number that is comparable to a light
fermion Yukawa coupling—a light pseudoscalar would then be no more or less unnatural
than a muon or light quark.
Of course, one can construct models in which the light fermion Yukawa couplings
arise only via higher-dimensions operators in a more complete high-energy theory. The
Yukawa couplings are identified with powers of the ratio of a symmetry breaking scale
to the cut off of the theory, and therefore can be naturally small. By analogy, the U (l)
symmetry present in the A5 = 0 limit of Eq. (A. 1) may be broken by a field 77 that acquires
a vacuum expectation value at some high scale and contributes to the term of interest only
through Planck-suppressed operators. Given this dynamical assumption, one predicts
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that the pseudoscalar mass is of the order (( 77)/M *)n/'2 v, where n is a positive integer,
and M» = 2 x 1018 GeV is the reduced Planck mass. Interestingly, for n = 2, and

(v)

rsj

1015 GeV (the nonsupersymmetric GUT scale), one obtains a pseudoscalar mass

of approximately 100 MeV. One can imagine a variety of high energy theories in which
similar results are obtained.
Our interest in pseudoscalar masses between 100 and 200 MeV is motivated by the
pseudoscalar decay length and production cross section. We hope to have both in optimal
ranges for detection of the pseudoscalar in possible photoproduction experiments at Jef
ferson Lab. As far as production is concerned, existing direct searches yield bounds on
the pseudoscalar couplings that are weakest in this mass range, and a wide variety of ex
periments [142, 143, 144, 145] severely constrain the pseudoscalar couplings for masses
below 100 MeV. On the other hand, if the pseudoscalars are produced in significant but not
overwhelming numbers, we hope for a decay length that is long enough to clearly separate
the pseudoscalar decay signal from possible mesonic backgrounds. Pseudoscalars with
masses above 200 MeV decay rapidly into muon pairs with a branching fraction near
100%, making detection via a separated vertex impossible. Thus, the 100 — 200 MeV
mass window seems particularly promising for the experimental search that we propose
in Section A.4.
To proceed with our phenomenological analysis, we must decide on the pseudoscalar’s
couplings to standard model fermions; the pattern of these couplings is in fact quite
model-dependent. In the standard two-Higgs-doublet models, the pseudoscalar couplings
are proportional to Yukawa matrices multiplied by a ratio of the vacuum expectation val
ues v\ and v2- On the other hand, one can employ simple discrete symmetries to construct
three-doublet models in which only two doublets couple to quarks and do not mix with
a third doublet coupling to the leptons. In this case, the pseudoscalar in the quark-twodoublet sector is entirely leptophobic. An analogous three-doublet model with a leptontwo-doublet sector yields a pseudoscalar that has no couplings to quarks and is, hence,
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hadrophobic. Such models illustrate the range of the possible, but are not particularly
well motivated. A much more appealing possibility is that the pseudoscalar may have no
direct couplings to quarks or leptons at all. Let us comment on the motivation for such a
fermiophobic pseudoscalar in more detail.
One could imagine a number of reasons why a pseudoscalar may have suppressed
couplings to standard model fermions. The suppression could be parametric, as in the
type-I two Higgs doublet model when ta n /3 is taken large. On the other hand, the sup
pression could be geometric, as in extra-dimensional scenarios in which fields have wave
functions that are localized at different points in an extra dimension. Let us focus on a
concrete realization of this second idea. Consider an S 1/ Z 2 orbifold of radius R , with
standard model matter fields located at the y = 0 fixed point, and gauge fields in the 5D
bulk. Here y is the extra-dimensional coordinate. Assume that there exists additional
vector-like matter in complete SU(5) representations (to preserve gauge coupling unifi
cation) as well as a gauge-singlet scalar field S, all isolated at the y = n R fixed point.
A spontaneously broken approximate global symmetry of the singlet potential leads to
a light pseudoscalar state that couples directly to the exotic matter multiplets only. The
geometry of this scenario prevents mixing between the ordinary and exotic matter fields,
which communicate with each other only via gauge interactions in the bulk. The scale of
compactification can be taken large enough so that the effects of Kaluza-Klein excitations
are irrelevant to the low-energy theory.
Given the simplicity of the fermiophobic singlet scenario described above, we will
focus our discussion on light pseudoscalars in the two-Higgs-doublet models of type-I
and II and in the fermiophobic singlet scenario. We comment on the other possibilities
where appropriate. In Section A.2, we analyze the experimental constraints on the light
pseudoscalar in the conventional two-Higgs-doublet models, placing particular emphasis
on the bounds from K and B meson decays. In Section A.3, the fermiophobic singlet
scenario is studied, and in Section A.4 we study the possibility of detecting pseudoscalars
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of either type in photoproduction experiments at Jefferson Lab. Section A.5 contains our
conclusions.

A.2

Constraints in Two-Doublet Models

As we have described in the previous section, light pseudoscalars can arise in twoHiggs-doublet extensions of the standard model. Two popular options exist in which a
discrete symmetry is imposed to forbid tree-level flavor changing neutral currents [146]:
In Model I, all of the fermions couple to a single Higgs doublet, but none to a second. In
Model II, the charge Q — 2/3 quarks couple to one Higgs doublet while the Q = —1/3
quarks and the leptons couple to another. A third possibility is that all fermions couple to
both Higgs doublets, without the restriction of any discrete symmetry. An ansatz is then
employed to make tree-level flavor changing Higgs couplings sufficiently small [117].
However, in this case it has been shown that a very light pseudoscalar will still lead to
unacceptably large flavor-changing neutral currents [118].
The coupling of the pseudoscalar Higgs to fermions is of the form - ^ - X f f j 5f A
where v = 246 GeV and X f = cot (3 for all fermions in Model I, and X f = cot /? (tan /?)
for the Q = 2/3 quarks (Q = —1/3 quarks and leptons) in Model II. Here ta n (3 is the
ratio of vacuum expectation values of the two Higgs doublets, and is a free parameter.
There have been numerous discussions of the bounds on a light pseudoscalar, most
recently by Larios, Tavares-Velasco and Yuan [147, 148]. In Model II, the combined
bounds from the nonobservation of 7 /4 / —» A y and T —> A'y force ta n /? to be close
to 1, since the former decay implies t a n (3 < 1 and the latter implies cot/? < 1 [142];
theoretical uncertainties don’t quite allow the model to be excluded. In Model I, both
decays imply only that cot /? < 1. Bounds from 77,1/ and 7r decays also force ta n /? ~ 1
in Model II and cot/? < 1 in Model I [149, 150]. Bounds from g — 2 are in flux at the
moment, but do not appreciably change these results. (In addition, the g — 2 bound is
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only valid if one makes a strong assumption that there are no other possible nonstandard
contributions at one loop.) Bounds from b —> 5 7 , A p, R b and A b can all be avoided by
constraining the neutral and charged scalar masses [147, 148]. Thus, we will consider
two cases: Model II with tan/5 ~ 1 and Model I with cot/5 < 1. After reviewing the
decay modes and decay lengths of the light pseudoscalar, we consider the bounds from
K and B meson decays, which present the strongest constraints on these models.

A.2.1

Decay Modes

For a pseudoscalar lighter than twice the muon mass, there are only two possible
decay modes, A —»■e+e~ and A —» 7 7 . The decay width into an electron pair is given by
(A.2)
For tan/5 = 1, this gives a decay length of 0.6 — 1.2 centimeters in the pseudoscalar rest
frame, for M a ranging from 100 to 200 MeV. This result scales as ta n 2 /5 in Model II and
cot 2 /5 in Model I.
The decay into two photons proceeds at one loop with the width

647r3u2

(A.3)

where N c is 3 for quarks and 1 for leptons and Q f is the fermion charge. This expression
is valid if the mass of the fermion in the loop is much larger than the momentum in the
decay. When this is not the case then the exact expression given in Refs. [142, 147, 148]
should be used. Note that Eq. (A.3) is independent of the heavy fermion mass. For the top
quark contribution alone, with tan/5 = 1, one obtains a decay length in the pseudoscalar
rest frame of 30 centimeters for

= 100 MeV. Note that if one considers all quarks

and leptons except the first generation fields, then the decay width is increased by a factor
of 16, which would correspond to a decay length of 2 centimeters. For tan/5 ~ 1, the
branching ratio into photons is 10% for M a = 100 MeV and 40% for M a = 200 MeV.
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Thus, we see that typical decay lengths, for ta n (3 = 1, are on the order of a centimeter.
For Model I with small cot /?, this decay length is increased by a factor of ta n 2 /?. These
decay lengths will, of course, be increased by a relativistic factor if the pseudoscalar has
a large momentum (as it does in 5-decays).

A.2.2

K decays

It is has been long known that the strongest bounds on axion models come from the
decay K —> ttA [151,152]; one expects that the same process will significantly constrain
the light pseudoscalar scenarios of interest to us here. While many early analyses (that
did not take into account the heaviness of the top quark) seemed to exclude the possibility
of a light pseudoscalar in the standard two-doublet scenarios, more recent work suggests
that an allowed window remains. It was pointed out by Grzadkowski and Pawelczyk that
there are two contributions to the decay amplitude and that the sum may vanish for some
choices of model parameters [153]. The first is a direct decay contribution involving the
top quark and charged Higgs bosons at one loop; the second is an indirect contribution
following from mixing between the axion and the 7r°, r) and the rf. We refer the reader
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tan 8 = 50
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FIG. A .l: The branching ratio for K l —> n°A for two values of tan/3 as a function of the
charged Higgs mass. We choose M a = 150 MeV. The experimental bound is approximately
4 x n r 8.
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to Ref. [153] for the full expressions. As an example, the amplitude for K + —> n +A in
Model I can be written schematically as
Xw cot (3 F ( m K , m n, m A, m,n, rtty) + cot /3 G(/3, m top, m H+, UCk m ) •

(A.4)

The first term depends only on meson masses and is due to the pseudoscalar mixing; Xw is
a chiral Lagrangian parameter that is fixed by the data to be | Aw| = 3.2 x 10-7 [154]. The
sign of A can be determined by matching chiral Lagrangian amplitudes to electroweak
results [142] and is negative (the imaginary part is proportional to the CP violating factor
e [155] and is thus negligible). The second term represents the direct, one-loop decay
amplitude, and depends on the top mass, the charged Higgs mass, and on CKM angles.
Specifically, the second term may be written
~ { m l - m 2K ) ^

(A.5)

£ = —^ 2 ^ 2 U^ Uqdm l C O tflA i + cot2 f3A2) .

(A.6)

where

Here A \ and A 2 are functions of the top, charged Higgs and W masses and are given
explicitly in Ref. [152]. Numerically, the first term of Eq. (A.6) is typically a few times
1CT11 GeV and the second is typically 10~9 GeV. However, Grzadkowski and Pawelczyk
show that the second term changes sign as the charged Higgs mass varies from 50 GeV
to 1000 GeV, and thus at some value the total amplitude vanishes. We have plotted their
results for the K i decay in Fig. A .l, setting ta n (3 = 1 (so our results then apply to both
Model I and Model II), and also ta n P = 50 in Model I. Consideration of K + and K s
decays leads to qualitatively similar results.
From Fig. A .l we see that there is a very narrow region of parameter space in
which the branching ratio is suppressed. We now must consider whether the experi
mental bounds on K s , K L and K * decays can be satisfied simultaneously. The Higgs
Hunters Guide [142] refers to two experiments [156, 157] that search for the decay chain
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ta n /3
1
2
3
4
5
10
15
20
30
40
50

Ks
661-693
576-643
546-648
526-662
508-679
434-781
371-900
317-1036
227-1369
158-1804
105-2370

Kl
668-672
597-607
580-596
572-594
567-595
550-607
536-621
522-637
496-669
472-702
448-738

K*
669-672
599-606
583-594
576-591
571-591
558-599
548-609
538-620
518-642
500-665
482-689

B
662-678
599-605
584-592
578-588
575-587
566-590
560-595
554-601
542-614
531-626
520-639

TABLE A .l: The allowed ranges for the charged Higgs mass (in GeV) for K s, K l , K ±, and B
decays. The four ranges overlap for all tan j5 shown.

K + —»• ir+A, A —> e+e~, and obtain upper limits on the irA branching ratio of order 10-8 .
However, it is important to point out that a region between m A = 100 — 150 MeV re
mains unconstrained due to the large background from the standard decay K + —> 7r+7r°,
followed by

7T°

Dalitz decays. Without precise vertex detection, this can not be distin

guished from the pseudoscalar signal. In the particular case of Model I with large ta n /?,
the decay length increases by ta n 2 (3, and can be several meters. The pseudoscalar would
then escape the detector. In that event, bounds from K + —> 7r+ nothing [158,159, 160],
which range from 10~7 to 10-10, would apply. Again, the weaker 0 ( 10-7 ) bound applies
to a mass interval between m A = 130 — 160 MeV, as a consequence of larger experimen
tal backgrounds. On the other hand, the experimental bounds on the decay K l —*►7t°A,
are uniformly strong over the entire range of pseudoscalar masses [161]. Fortunately, one
can fine-tune the charged Higgs mass to avoid contradiction with both charged or neutral
kaon decay bounds. In Table A .l, we show the required range of charged Higgs masses
for K +, K l and K s decays. It has been assumed that the A mass is 150 MeV, so that the
tighter experimental bounds in charged K decays apply; if the mass is between 100 MeV
and 150 MeV, these bounds are relaxed and the ranges for K + and K s decays are much
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wider. For all values of t a n P shown in Table A .l, the allowed ranges for charged Higgs
mass overlap and all the bounds can be satisfied with a single fine tuning. For Model II,
in which ta n

~ 1, the charged Higgs mass must be tuned to approximately one percent

precision, but in Model I with larger ta n (5, relatively mild fine-tuning is sufficient. Thus,
kaon decays cannot completely exclude the existence of a pseudoscalar in the 100 — 200
MeV mass range.

A.2.3

B decays

In B decays into K A , the pseudoscalar will have a relativistic gamma factor of
12 — 24, depending on its rest mass. Thus, the decay length into electrons will be ap
proximately 25 centimeters (times ta n 2 (3). Because of the larger CKM mixing with the
top quark, the Higgs-top loop contribution to the amplitude generally dominates over the
mixing term by a larger amount than in the case of kaons. A simple estimate illustrates
that the branching fraction is potentially large: The loop term involves CKM factors that
are comparable to those found in tree-level semileptonic decays, while the 167T2 in the
loop is partly compensated by the smaller two-body phase space. The resulting predic
tion has a shape very similar to that for K decays in Fig. A .l. Again, there is a narrow
region of parameter-space where the rate vanishes, and this region matches the narrow
region in K-decays. This is not surprising since the analog of Eq. (A.6) for B decays has
the same functional dependence on the charged Higgs mass, up to an overall factor. One
might hope that higher order corrections would separate the K and B decay allowed mass
windows, but a one-percent effect would not be sufficient to alter our qualitative results.
What are the experimental limits? Recently, the BELLE Collaboration published a
value for the branching fraction for B —> K e +e~ of 0.75 ± 0 .2 x 10~6 [162]. Since this is
in agreement with theory, a bound on new physics contributions of approximately 2 x 10-7
can be obtained. However, the BELLE analysis included a mass cut on the electron-
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positron pair of 140 MeV, to suppress background from photon conversions and 7r° Dalitz
decays. Thus, the bound does not apply to the 100 — 140 MeV window. The CLEO
Collaboration has searched for B ± —►K ± nothing and B° —>K g nothing decays, and
obtains a bound on the branching ratios of 5 x 10-5 [163]. While this does cover the
mass range in which the BELLE analysis does not apply, it is only relevant if all the
pseudoscalars escape detection. For masses between 100 and 140 MeV, one can ask what
fraction of the A 's will escape the detector. For ta n /3 — 50, the decay length will be
over 10 meters and almost all of the A ’s would escape; the CLEO bound would then
apply. In general, approximately e_4cot2'3 of the A ’s escape the detector, which is a barrel
calorimeter of roughly a meter radius. The bound would then be weaker by this factor,
or 5 x 10~5e4cot2 '3 for the branching ratio. Using this experimental bound, we find the
allowed charged Higgs mass range given in Table A .l. We see that the same fine-tuning
needed (for ta n (3 ~ 1) for kaon decays will automatically suppress the B-decay rate.
We conclude that neither model I nor II can be definitively excluded from the bounds
from B decay, although fine-tuning is needed if ta n (3 ~ 1, as required in Model II.

A.2.4

Leptophobic Pseudoscalars

As noted in the introduction, it is simple to have a three Higgs model in which two
of the Higgs doublets couple to quarks (with Model I or Model II couplings) and a third
couples to leptons. If the third doublet does not mix with the others, the leptonic couplings
of the light pseudoscalar are eliminated. The K and B decays discussed in the previous
two subsections will generally not be affected in such a model. However, the decay of
the pseudoscalar will now be entirely into photon pairs and the lifetime will generally
be 2-3 times larger than the usual case. Note that in the 100 — 140 GeV mass window,
the stronger bounds from K L decays and from CLEO will certainly apply (without any
significant exponential correction for decays inside the detector). Again, these bounds
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can be evaded with a suitable fine tuning of the charged Higgs mass.

A.3

Fermiophobic Pseudoscalars

We have seen in the previous sections that a pseudoscalar state in the 100 to 200 MeV
mass range is consistent with the stringent bounds from K and B meson decays. However,
in the conventional scenarios considered thus far, this result follows from an accidental
zero in the decay amplitudes, as well as a willingness to accept fine tuning. In this section
we consider another possibility, that the couplings of the pseudoscalar to matter are natu
rally suppressed. After discussing the experimental bounds, we argue that a natural place
to search for such a state is in a low-energy photoproduction experiment, such as those
possible at Jefferson Lab. We estimate the production rate and comment on the relevant
discovery signal in Section A.4.
We have already stated the motivation for considering a pseudoscalar state that is
light: it might be the would-be goldstone boson associated with a global symmetry that
is only approximate. In the introduction, we outlined a plausible scenario with a singlet
scalar and a vectorlike multiplet in a complete S U (5) representation, taken to be a 5 + 5
for simplicity.
Since the exotic matter is vector-like, it can be made arbitrarily heavy and integrated
out of the theory. This leads to nonrenormalizable interactions between the pseudoscalar
and the standard model gauge fields. If M p is the mass scale of the vector-like matter ip,
and the pseudoscalar coupling is given by (iA X /^ /2 )ip j5ip, then one obtains

(A J)

for the effective coupling of the pseudoscalar to two photons. Here q represents the elec
tric charge of ip, and

is the electromagnetic field strength. Note that this can be gen

eralized to any non-Abelian gauge group by replacing q2 with the Casimir T F (defined by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

73
Tr[TaT h] = TFSab) and by summing over the field strengh tensors. For a fermiophobic
pseudoscalar in the mass range of interest to us, the only possible decay is to two photons,
and from Eq. (A.7) we obtain the decay width

r (a

-+

77) =

16
—

T

o;2A2 m \
' 128tt3 M 2f '

(A. 8 )

If M p is not far above the top quark mass, say 200 GeV, and A = 1, then one obtains a
lifetime
(A.9)
For energies of a few GeV, typical of the photoproduction experiments that we will men
tion later, the pseudoscalar can travel a macroscopic distance before it decays. A pseu
doscalar with a mass of 150 MeV and an energy of 3 GeV will have a decay distance of
160 centimeters.
One might think that the scenario described above is relatively insensitive to the
bounds from meson decays due to the weakness of the pseudoscalar’s coupling to ordinary
matter. However, the experimental bounds on the branching fraction of K or B mesons to
7r+

pseudoscalar are so stringent that operators like Eq. (A.7) are potentially significant,

even when they contribute only at one loop. Here we estimate the contribution to K —►
7rA in order to constrain the parameter space of the model. We comment on the constraints
from B decays at the end of this section.
The operator with the largest potential effect on low-energy hadronic decays is the
gluonic version of Eq. (A.7). We use a chiral lagrangian approach to estimate the branch
ing fraction of interest [153]. First we represent the light pseudoscalar nonet via the
nonlinear representation
E = exp(277r//7r)
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where

— 93 MeV is the pion decay constant, and where 7r is the matrix of fields
{

7T°

V

,

T + V

7T =

s

,

t!

72

71
\

K+

7 r+
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+
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^
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s + K

+

k ^ - ^ 0)

(A. 11)

l)

-^ + v e

y

Here we have ignored CP violation and expressed the neutral kaons in terms of their CP
eigenstates. Also note that we have chosen to include the r]', so that E is an element of
U(3) rather than SU(3). The E field transforms simply under the chiral SU(3) symmetry
E - > U lE U R

(A. 12)

leading to the usual lowest order effective Lagrangian
£ 0

f2
1
= ^ -T r f y E ^ E + - f f l Y r (M E f + E M t ) ,
rr
&

(A.13)

where M represents the light quark current mass matrix. However, Eq. (A.13) does not
take into account the QCD anomaly, which relates the divergence of the axial current to
the product of gluon field strength tensors G ^ G ^ . A possible method of incorporating
this effect into the chiral lagrangian is to introduce the additional terms [164, 165, 166]
r*

£anom =

1, . . ,

log

det E
/\2
f + Cq{x)

(A. 14)

where q(x) represents
92
Q{X) =

•

(A ‘15)

Under an axial U (l) rotation, the field E is multiplied by an overall phase, and it is not hard
to show that £ 0+ £ anom yields the appropriate divergence of the axial vector current [164,
165, 166]. Now, one may treat q(x) as an auxiliary “glueball” field, and remove it using
its equation of motion. One then finds

1 (i
£anom =

det E \ 2
l0§

J

'
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This term determines the rf mass, and the parameter c can be chosen accordingly. If one
now includes the pseudoscalar coupling to gluons, an additional term must be added to
Eq. (A. 14), namely A q (x )/ (2 \/2 M p), in which case Eq. (A. 16) is modified
1 / i ,

det E

1

x2

4 c V 2 1° S d e t E t + 2 v ^ M F j4J

'

(A’‘7>

This interaction leads to mass mixing between the pseudoscalar and the T}'\ we find that
the mixing angle is given approximately by

(A -18)

or numerically, 7 x 10“ 5 • (200 GeV/M F). We may extract the A S = 1 K ttt]' vertex from
the chiral Lagrangian term
£ a s = i = ^ T r {Xwh d ^ d ^ )

(A. 19)

where h is octet-dominant A S = 1 spurion

h=

^0

0

0

0

0

1

^
(A.20)

and Xw = 3.2 x 10 7 is a parameter that takes into account the strength of the weak
interactions [154]. We find
T {K + -► 7t+A) =

+ 2m % ? [(m K ~

~ 4 m ^ m ^ ] 1/2 .
(A.21)

As a point of reference, if one sets

= 100 MeV, one obtains the branching fraction

5.6 x 10- 7 • (200 G eV /M F)2.
Different experimental bounds are relevant depending on the lifetime and boost of
the pseudoscalar. If the pseudoscalar decays inside the experimental detector, the relevant
bound on the K + branching fraction is [142]
B F ( K + -»• 7T+7 7 ) < 1.4 x 10- 6 .
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If the pseudoscalar escapes the detector unobserved, one must contend with more strin
gent bounds, ranging from ~ 1 0 - 7 to ~ 1 0 -10, depending on the pseudoscalar mass [160].
In Fig. A.2 we display the allowed region of the model’s parameter space. Within the two
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FIG. A.2: Allowed parameter space for the fermiophobic scenario.

excluded regions toward the top of the figure, the pseudoscalar is long lived enough to
escape the detector, while the branching fraction exceeds the bounds given in Ref. [160].
The gap between these regions corresponds to a mass interval in which there are larger
experimental backgrounds. Immediately below each of these excluded regions, the pseu
doscalar decays to two photons within the detector (assumed to have a fiducial length
scale of 1.45 meters [167]) and the weaker bound in Eq. (A.22) becomes relevant. How
ever, one never reaches the region of parameter space excluded by the K + —> 7r + 7 7
bound since the vector-like matter would itself become light enough to be detected in
direct collider searches. We will restrict ourselves to the allowed regions of Fig. A.2 with
smallest M p in discussing pseudoscalar production rates, in the next section.
Finally, we should comment on the bounds from the analogous decays of neutral
kaons and B mesons. First, the K® indeed may decay into 7r° A; however, the total width
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of the

is approximately two orders of magnitude larger that that of the K +, so the

branching fraction to the decay mode of interest is suppressed by this factor relative to our
previous results. We therefore obtain no further bounds. The K £, on the other hand, has
a total width that is about a factor of four smaller than that of the charged kaon. However,
the decay K°L —► A is CP violating, so that the decay amplitude is suppressed by an
additional CP-violating spurion factor of ~ 10 - 3 [155], and again no further bound is
obtained. In the B system, the decay B —> K i}1is observed, and has a branching fraction
of order 10 ~ 5 [168]. Using our previous result for the Ar\ mixing angle, we estimate that
the branching fraction for B —»■K A is 0(1O -15) and no further bound is obtained.

A.4

Production at Jefferson Lab

We have seen that there is a window for light pseudoscalars in the 100 — 200 MeV
mass range. For the two-doublet Model II (or Model I with ta n (3 ~ 1) the window
requires substantial fine-tuning of the charged Higgs mass; for the two-doublet Model I
with large ta n (3, there is less fine-tuning, and for the fermiophobic case there is a very
large region of allowed parameter space. How can one detect these pseudoscalars?
A number of authors have considered light pseudoscalar detection at high-energy
colliders [147, 148, 169, 170, 171]. Larios, Tavares-Velasco and Yuan [147, 148] dis
cussed production at the Tevatron, the LHC and future colliders. They focused on the
two-photon decay mode, which at high energies registers as a single photon signature.
In this section, we consider the possibility of detecting the pseudoscalars we have dis
cussed in a beam dump experiment at the Thomas Jefferson National Accelerator Facility
(Jefferson Lab).
Jefferson Lab has a high intensity photon beam directed into the CLAS detector in
Hall B. The maximum energy is currently 6 GeV with an upgrade to 12 GeV planned.
The photon beam has a bremsstrahlung spectrum with a luminosity of approximately
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1034 cm - 2 sec - 1 if the photons are untagged. At the 12 GeV upgrade a monochro
matic 9 GeV photon beam will also be available, with a luminosity of approximately
1033 cm - 2 sec-1 . The amplitude for pseudoscalar photoproduction may receive two pos
sible contributions. In the conventional two-Higgs-doublet models, one can photoproduce
the pseudoscalar most copiously off the strange quark sea in the proton. Second, in all
the models we have discussed, the pseudoscalar may bremsstrahlung off the incident pho
ton via the loop-induced A 7 7 vertex. Once produced, the pseudoscalar will travel some
distance and then decay into either e+ e~ or 7 7 , depending on the model. If the beam
dump consists of a meter or more of material, then most of the 7 7 background events will
be suppressed. It is thus important that the lifetime of the A be sufficiently long that a
substantial number make it through the beam dump.
We first concentrate on production. Consider photoproduction of the pseudoscalar
off the strange quark in the proton. The parton level cross section in the center of mass
frame is
da
d cos 9

h2e2p
m i —t
2m im i
s —m i
^
—
2
+
r
~
2~
h
+
1447rs3/ 2 s - m s2
[ s - m j) 2 m 2 - t
2 m 2m 2
A

ts — { m \ + m 2)(s + t) + m 4 + m \

+ (m 2 - t } 2 +

(s — m 2)(m 2 — t)

,»
(A-23)

Here, h is the Yukawa coupling of the A to the strange quark, p is the A momentum; we
have approximated the initial photon momentum as y /l/2 in the phase space factors to
simplify the expression. In finding the full cross section for photoproduction, we multiply
by the parton distribution function for the strange quark and integrate. However, since the
parton model becomes less reliable at small momentum transfers, one must keep in mind
that there is significant theoretical uncertainty from the small x region of integration,
where the partonic cross section is largest. We therefore cut off the x integration at a
value where s = x s — 1 GeV2. We believe that this choice is reasonable. At lower s
there will not be enough energy to produce cj), p and K mesons, and thus one expects
an additional suppression from the electromagnetic form factor due to the decrease in
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available exclusive channels. The resulting cross section is rather insensitive to the beam
energy, varying from 3.6 cot 2 (3 to 2.0 cot 2 /? femtobarns as the photon energy varies from
2 to 12 GeV. For a luminosity of 1034 cm - 2 sec-1 , this will yield approximately 800 cot 2 (3
events per year. In order to be detected, these pseudoscalars must travel through a beam
dump. The lifetime, as discussed in Section A.2, gives a decay length for a 100 MeV
pseudoscalar of 1 .2 ta n 2 /? centimeters times the relativistic factor of E / M a ■ Consider
a 6 GeV beam and ta n (3 = 1. The decay length is then 72 centimeters, and roughly
25% of the particles, or 200 particles/year, will travel through a one-meter beam dump.
Since the differential cross section has a f-channel pole in the massless quark limit, it is
forward peaked and this estimate will not suffer a substantial solid angle dilution. As
ta n (3 increases, the production cross section drops, but the decay length increases. In
Table A.2, we show the number of events that traverse a one-meter beam dump per year,
assuming 1034 cm - 2 sec - 1 luminosity. These pseudoscalars will primarily decay into an
electron-positron pair. One should keep in mind that the uncertainties caused by the low
x cutoff could be substantial, and thus these event rates are approximate. Also, for larger
beam energies and larger ta n (3, the decay length will be too long for a substantial number
of events to occur in a detector. Nonetheless, the relatively high event rate indicates that
further experimental analysis is warranted.

ta n (3 4 GeV
1
125
2
150
3
88
4
53
5
41

6

GeV
210

147
85
53
34

9 GeV
350
144
77
48
28

12 GeV
340
135

24 GeV
340

66

46
32

40
25

120

21

TABLE A.2: The number of pseudoscalars traversing at least one meter for various values of the
beam energy and tan (3 in the two-doublet model with photoproduction off the strange quark sea.
We have assumed a luminosity of 1034 cm -2 sec-1 and a pseudoscalar mass of 100 MeV. Most
will decay into an electron-positron pair.

The second production mechanism is through the A 7 7 vertex. In the two-Higgs-
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doublet models, the production mechanism already considered strongly dominates, but in
the fermiophobic model, pseudoscalar bremsstrahlung off the incident photon is the only
possibility. The parton level cross section is
da
d cos 9

A2Q 2e6p
2048?r5M |f 2s 3/ 2

+(( m.

(2m 2m \ + P — 2 ( m \ — s ) i72

m.2) 2 + rrig + 2 s 2 - 2 { m \ + 2 m 2
q)s)i)

(A.24)

where A is the coupling of the fermion in the loop to the A , M F is the mass of the fermion
in the loop, p is the final state 3-momentum of the A , and Q is the quark charge in units of
e. In deriving this expression, we have assumed that M F is much greater than the photon
energy (certainly true for the fermiophobic case). For V s »

m q + rriA, we find that a

is well approximated by
a

a 3Q 2A2 1
(2s - m 2Af log ^
6An2M p s

- 3(s - m 2A )2
q

(A.25)

A

The exact parton-level total cross section is shown in Fig. A.3. The approximate ex0.2
m =100 MeV
0.15

m =200 MeV

0.1

0.05

0

2

4

6

8

10

COM energy (GeV)

FIG. A.3: Parton-level production photoproduction cross section in the fermiophobic scenario as
a function of center of mass energy, with M F = 200 GeV and A = 1.

pression given in Eq. (A.25) yields results that are visually indistinguishable from those
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shown in Fig. A.3. Using CTEQ set 5L structure functions for the up and down sea and
valence quarks we obtain the total production cross section shown in Fig. A.4. Assuming
a monochromatic photon beam and a Jlab-like luminosity of 1034 cm - 2 s_1, one estimates
315 production events per year per femtobarn of total cross section; qualitatively speak
ing, Fig. A.4 suggests 0(1O 2) events per year at an energy-upgraded Jlab, or at some
similar facility.
0.55
0.5

m =100 MeV
0.45
0.4

m =200 MeV
0.35
0.3
0.25
0.2
0.15
4

8

12

16

20

24

Ey(GeV)

FIG. A.4: Photoproduction cross section in the fermiophobic scenario, as a function of photon
beam energy in the lab frame, with Mp = 200 GeV and A = 1.

A more realistic analysis would take into account that the highest luminosity photon
beam at Jlab is not monoenergetic, but has a bremsstrahlung spectrum. We approximate
this effect by assuming a total luminosity of 1034 cm - 2 s-1 , with a distribution d L /d E ^ oc
1 /E 1, with E 1 ranging from 1 GeV up to the beam energy; the event rate is determined
by the integral
J a § r dE -, .

(A.26)

Table A.3 shows the events per year for a number of different choices for the beam en
ergy and pseudoscalar mass. Unlike the two-doublet model, the lifetime discussed in
Section A.3 is sufficiently long that most of these pseudoscalars will traverse a one-meter
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E 1 (GeV)
6
12

24

m A = 100 MeV
99
108
117

m A — 200 MeV
79
87
96

TABLE A.3: Photoprodution event rate per year in the fermiophobic scenario, with Mp =
200 GeV and A = 1. The total luminosity is taken to be 1034 cm-2 s_1 and a Bremsstrahlung
photon spectrum is assumed between 1 GeV and the beam energy.

beam dump. Another major difference is that these pseudoscalars will decay into two
photons, i.e. they will look like long-lived 7r°’s. A more detailed analysis taking into ac
count possible experimental acceptances and cuts would be needed to determine whether
this signal could be separated from background under realistic conditions.

A.5

Conclusions

We have considered light, elementary pseudoscalars with masses between 100 and
200 MeV. We have argued that such states may evade the stringent bounds from K and
B meson decays, while remaining of interest in searches at low-energy photoproduction
experiments, such as those possible at Jefferson Lab. In conventional two-Higgs doublet
models, light pseudoscalars may evade the strange and bottom meson decay bounds due
to a possible cancellation in the decay amplitude. In this case, the coupling of the pseu
doscalar to quarks is substantial and one can produce the pseudoscalar state copiously via
photoproduction off the strange quark sea in a nucleon target. On other hand, if one wishes
to avoid fine tuning in evading the decay bounds, one can consider very natural scenarios
in which the pseudoscalar is fermiophobic. We have presented one concrete realization of
this idea, motivated by extra dimensions, and have isolated the allowed parameter space
of the model. In the fermiophobic scenario, the pseudoscalar-two photon coupling leads
to production via pseudoscalar bremsstrahlung off the incoming photon line. The event
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rate is substantial enough to make accelerator searches of potential interest.
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APPENDIX B
331 Mass Matrices for Charged Leptons
Here are the full mass matrices for the charged leptons in the 331 models studied in
this thesis. For Model A we have:
/ h iv 2

h2v2

h7v i

h8V!

- g i v 2 hQVi

g2V

hiovi

h u v!

- g zv 2 h 12vi

g^V

hAV

h5V

0

^14^1

- 55^2

V ^13^1

h3v2

0

heV
h\^V\

0

\

(B .l)

0
g6V )

where the ordering is ei5 ej, ek, Ei, E k.
The relevant terms in the lagrangian are

E y,AA

—

(h^iL^iR

+

h^iL&jR

+eQ/37 { 9 2 ^ M

£

y,a i

=

lY

+

helpiLEm)

+ g d Z M i ) 13 + 9^'lL bP klY ) ®a

(hj^jL^iR + hg'ipjLejR +
+ ^ 1 0 i>kL&iR +

(B.2)

hg'tpjLEm

hn^kL&jR + h ^ k L E iR

+^i3'0/kLeiR + hi4ip'kLejR + h ^ ip 'kLE iR)
84
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(B.3)

85

(B.4)

(hl'lpiL^iR + h2lpiL^jR + h ^ ih E iR ) $ 2

£y,A 2 =

+€a/97

$2

/ hiV 2

h2v2

h3V2

h4v2

h5v2

9aV

hxzvi

h u vi

hi5Vi

h i6Vi

hnV i

0

h.18^1

h 19v2

h29V2

h2\V2

h 22v2

h28v2

95V

h 24v2

h7V

h&V

hgV

h 10V

hn V

- 91V2

h12V

h2sV

h2eV

h27V

00

Zr
to

h2gV

~92V2

hzoV

hziv2

hz2V2

hzzv2

hZiV2

h35v2

9eV

hz6V2

CO
00

Similarly, the mass matrix for Model B is

hzgV

h49V

hYxV

\ hz7V

-

53^2

h&v2 \

(B.5)

h42V J

with the ordering eu ejt ek, E u E lk, E 2k, E Zk.
The relevant terms in the Lagrangian are

E y ,B A

=

(B.6 )

{h7i>iL& iR + h s 'ip iL ^ jR + ^ 9 ^ i L ^ k R

+hio,ipiLEiR + h \i^ n ,E ikR + h ^ iL E z k R

+ h 25‘4)kL&iR + h^ipkLejR + h27,i]jkRekR

+h28^kLEiR + h2glfikL,EikR + hzglpkLEzkR
+ h z 7 t p " kLe iR + hz%$" kL e j R + ^ 3 9 ' 0 >/ kLe kR

+ h40^ "k iE iR + h ^tp "kLE ikR + h ^ip "kLEzkR) 3>a
+ e a /?7

E

y ,b i

—

{9 d 'k L ^ l> iL f + 9 ^ ' t L ^ k L f + 9 ^ ' k M i f ) ( $ a ) 7

(B.7)

(h iz'P jL & iR + h \ / $ j i , e j R + h x ^ j L ^ k R

+hie'pjLEiR + hyjipjLEikR + his'pjLEzkR)

$1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

86

£

y ,B2

=

(B.8 )

( hiTpiL& iR + h24>iL&jR + hz'ipiL& kR

+h'4'ijjiLEiR + h ^ iL E ik R + heipiLEskR
+h\g ^kL^iR + hgo^kLe-jR + hgi’ipkL^-kR
+h22'<PkLEiR + hgs'lJ’kLEikR + hzA^kLEzkR
+ h z i1 p " kL e iR + ^32 Y " k L ej R + h z z '>
P " k L e kR

+hz4i>"klEiR + hzs^"kL^lkR + hzz'ip"kL^kR)

$2

+£a/?7 {,9l'4)'kL^iLY + 92^'kL^klY + 9zi)'kL^'klY) C*^)7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

BIBLIOGRAPHY

[1] C. D. Carone (2006), private communication.
[2] C. E. Carlson (2003), private communication.
[3] R. Lehnert (2006), hep-ph/0602097.
[4] D. Colladay and V. A. Kostelecky,

Phys. Rev. D58,

116002 (1998),

hep-ph/9809521.
[5] K. T. Mahanthappa and P. K. Mohapatra (1989), cOLO-HEP-214.
[6 ] K. T. Mahanthappa and P. K. Mohapatra, Phys. Rev.D42, 1732 (1990).
[7] W. A. Ponce, J. B. Florez, and L. A. Sanchez, Int. J. Mod. Phys. A17, 643 (2002),
hep-ph/0103100.
[8 ] W. A. Ponce, Y. Giraldo, and L. A. Sanchez (2002), hep-ph/0201133.
[9] A. De Gouvea, Phys. Rev. D66, 076005 (2002), hep-ph/0204077.
[10] V. D. Barger, S. Pakvasa, T. J. Weiler, and K. Whisnant, Phys. Rev. Lett. 85, 5055
(2000), hep-ph/0005197.
[11] J. N. Bahcall, V. Barger, and D. Marfatia, Phys. Lett. B534, 120 (2002),
h e p -p h / 0 2 0 1 2 1 1 .
[12] H. Murayama and T. Yanagida, Phys. Lett. B520, 263 (2001), hep-ph/0010178.
87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

88
[13]

C. Athanassopoulos

Lett. 75, 2650

(1995),

et al. (LSND), Phys. Rev. Lett. 77, 3082

(1996),

et al. (LSND), Phys. Rev. Lett. 81, 1774

(1998),

et al. (LSND), Phys. Rev.

n u c l - e x / 9504002.
[14]

C. Athanassopoulos
n u cl-ex /9 6 0 5 0 0 3 .

[15]

C. Athanassopoulos
n u c l-e x /9 7 0 9 0 0 6 .

[16] A. Aguilar et al. (LSND), Phys. Rev. D64, 112007 (2001), h e p -e x /0 104049.
[17]

C. Athanassopoulos et

al.

(LSND),

Phys.

Rev.

C54,

2685

(1996),

n u cl-ex /9 6 0 5 0 0 1 .
[18] T. Katori and R. Tayloe (LSND) (2004), prepared for 3rd Meeting on CPT and
Lorentz Symmetry (CPT 04), Bloomington, Indiana, 4-7 Aug 2004.
[19] L. B. Auerbach et al. (LSND), Phys. Rev. D72, 076004 (2005), hep-ex/0506067.
[20] V. Barger, D. Marfatia, and K. Whisnant, Int. J. Mod. Phys. E12, 569 (2003),
h e p -p h /0308123.
[21] A. de Gouvea (2004), hep-ph/0411274.
[22] A. Strumia and F. Vissani (2006), hep-ph/0606054.
[23] D. L. Anderson, M. Sher, and I. Turan, Phys. Rev. D70, 016001 (2004),
hep-ph/0403116.
[24] V. A. Kostelecky and R. Potting, Nucl. Phys. B359, 545 (1991).
[25] V. A. Kostelecky and R. Potting, Phys. Lett. B381, 89 (1996), h ep -th /9 6 0 5 0 8 8 .
[26] V. A. Kostelecky and S. Samuel, Phys. Rev. D40, 1886 (1989).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

89
[27]

V. A. Kostelecky and S. Samuel, Phys. Rev. D39, 683 (1989).

[28]V. A. Kostelecky and S. Samuel, Phys. Rev. Lett. 66, 1811 (1991).
[29]V. A. Kostelecky and S. Samuel, Phys. Rev. Lett. 63, 224 (1989).
[30] V.

A.

Kostelecky and

R. Potting, Phys.

Rev. D63,

046007 (2001),

h e p - t h / 0008252.
[31] V. A. Kostelecky, M. Perry, and R. Potting, Phys. Rev. Lett. 84, 4541 (2000),
h e p -th /9 9 1 2 2 4 3 .
[32] R. Lehnert, Phys. Rev. D68, 085003 (2003), gr-q c/0 3 0 4 0 1 3 .
[33] R. Lehnert (2004), hep-ph/0401124.
[34] D.

Colladay

and

V.

A.

Kostelecky,

Phys.

Rev.

D55,

6760

(1997),

hep-ph/9703464.
[35] V. A. Kostelecky, Phys. Rev. D69, 105009 (2004), h ep -th /0 3 1 2 3 1 0 .
[36] V.

A.

Kostelecky and

R. Lehnert, Phys.

Rev. D63,

065008 (2001),

hep -th /0 0 1 2 0 6 0 .
[37] V. A. Kostelecky, C. D. Lane, and A. G. M. Pickering, Phys. Rev. D65, 056006
(2002), hep-th /0 1 1 1 1 2 3 .
[38] T. P. Cheng and L. F. Li (1984), oxford, Uk: Clarendon ( 1984) 536 P. ( Oxford
Science Publications).
[39] V.

A.

Kostelecky and

M. Mewes, Phys.

Rev. D66,

056005 (2002),

hep-ph/0205211.
[40] J. Hough et al., Mon. Not. Roy. Astron. Soc. 224, 1013 (1987).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

90
[41] C. Brindle et al., Mon. Not. Roy. Astron. Soc. 244, 577 (1990).
[42] A. Cimatti et al., Astrophys. J. 465, 145 (1996).
[43] A. Dey et al., Astrophys. J. 465, 157 (1996).
[44] A. Cimatti et al., Astrophys. J. 476, 677 (1997).
[45] M. Brotherton et al., Astrophys. J. 487, LI 13 (1997).
[46] M. Brotherton et al., Astrophys. J. 501, 110 (1998).
[47] M. Brotherton et al., Astrophys. J. 546, 134 (2001).
[48] M. Kishimoto et al., Astrophys. J. 547, 667 (2001).
[49] J. Vernet et al., Astron. Astrophys. 366,7 (2001).
[50] V. A. Kostelecky and M. Mewes, Phys. Rev. Lett. 87, 251304 (2001),
h e p -p h /0 1 11026.
[51] S. M. Carroll, G. B. Field, and R. Jackiw, Phys. Rev. D41, 1231 (1990).
[52] P. Wolf et al., Gen. Rel. Grav. 36, 2352 (2004), g r-q c/0 4 0 1 0 1 7 .
[53] D. Colladay and P. McDonald, J. Math. Phys. 43, 3554 (2002), hep-ph/0202066.
[54] D. Colladay, AIP Conf. Proc. 672, 65 (2003), hep-ph/0301223.
[55] H. Muller, S. Herrmann, A. Saenz, A. Peters, and C. Lammerzahl, Phys. Rev. D68,
116006 (2003), hep-ph./0401016.
[56] E. O. Iltan, Mod. Phys. Lett. A19, 327 (2004), hep-ph/0309154.
[57] S. K. Lamoreaux, J. P. Jacobs, B. R. Heckel, F. J. Raab, and E. N. Fortson, Phys.
Rev. Lett. 57, 3125 (1986).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

91
[58] S. K. Lamoreaux et al., Phys. Rev. A 39, 1082 (1989).
[59] T. E. Chupp et al., Phys. Rev. Lett. 63, 1541 (1989).
[60] O.

Bertolami

and

C. S.

Carvalho,

Phys.

Rev.

D61,

103002 (2000),

gr-q c/9 9 1 2 1 1 7 .
[61] O. Bertolami, Gen. Rel. Grav. 34, 707 (2002), a stro -p h /0 0 1 2 4 6 2 .
[62] V. A. Kostelecky (2004), private communication.
[63] R. Bluhm, V. A. Kostelecky, C. D. Lane, and N. Russell, Phys. Rev. D68, 125008
(2003), hep-ph/0306190.
[64] V.

A. Kostelecky

and C. D. Lane, Phys.

Rev.

D60,

116010 (1999),

hep-ph/9908504.
[65] C. D. Lane, Phys. Rev. D72, 016005 (2005), hep-ph/0505130.
[6 6 ] J. D. Prestage, J. J. Bollinger, W. M. Itano, and D. J. Wineland, Phys. Rev. Lett. 54,
2387(1985).
[67] P. Wolf, F. Chapelet, S. Bize, and A. Clairon, Phys. Rev. Lett. 96, 060801 (2006),
hep-ph/0601024.
[6 8 ] G. Gabrielse et al. (1998), prepared for Meeting on CPT and Lorentz Symmetry
(CPT 98), Bloomington, Indiana, 6 -8 Nov 1998.
[69] V.

A. Kostelecky

and M.

Mewes,

Phys.

Rev.

D69,

016005 (2004),

and M.

Mewes,

Phys.

Rev.

D70,

031902 (2004),

h e p -p h /0309025.
[70] V.

A. Kostelecky

hep-ph/0308300.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

92
[71] A. Datta, R. Gandhi, R Mehta, and S. Uma Sankar, Phys. Lett. B597, 356 (2004),
h e p -p h /0 3 12027.
[72] L. S. Hou, W. T. Ni, and Y. C. M. Li, Phys. Rev. Lett. 90, 201101 (2003).
[73] D. Bear, R. E. Stoner, R. L. Walsworth, V. A. Kostelecky, and C. D. Lane, Phys.
Rev. Lett. 85, 5038 (2000), p h y sics/0 0 0 7 0 4 9 .
[74] F. Cane et al., Phys. Rev. Lett. 93, 230801 (2004), p h y sics/0 3 0 9 0 7 0 .
[75] S. M. Carroll, J. A. Harvey, V. A. Kostelecky, C. D. Lane, and T. Okamoto, Phys.
Rev. Lett. 87, 141601 (2001), h e p - t h / 0 105082.
[76] C. E. Carlson, C. D. Carone, and R. F. Lebed, Phys. Lett. B549, 337 (2002),
hep-ph/0209077.
[77] C. E. Carlson, C. D. Carone, and N. Zobin, Phys. Rev. D66, 075001 (2002),
h e p - t h / 0206035.
[78] C. E. Carlson, C. D. Carone, and R. F. Lebed, Phys. Lett. B518, 201 (2001),
h e p -p h /0 107291.
[79] Z. Guralnik, R. Jackiw, S. Y. Pi, and A. P. Polychronakos, Phys. Lett. B517, 450
(2001), h ep -th /0 1 0 6 0 4 4 .
[80] A. Anisimov, T. Banks, M. Dine, and M. Graesser, Phys. Rev. D65,085032 (2002),
h e p -p h /0 106356.
[81] E. Costa et al., Nature 411, 662 (2001).
[82] D. L. Anderson and M. Sher, Phys. Rev. D72, 095014 (2005), hep-ph/0509200.
[83] P. H. Frampton, Phys. Rev. Lett. 69, 2889 (1992).
[84] F. Pisano and V. Pleitez, Phys. Rev. D46,410 (1992), hep-ph/9206242.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

93
[85] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 3 8 , 1440 (1977).
[8 6 ] A. G. Dias, C. A. de S. Pires, and P. S. R. da Silva, Phys. Rev. D 68, 115009 (2003),
hep-ph/0309058.
[87] P. H. Frampton (1995), hep-ph/9507351.
[8 8 ] J. T. Liu and D. Ng, Phys. Rev. D50, 548 (1994), hep-ph/9401228.
[89] J. Agrawal, P. H. Frampton, and J. T. Liu, Int. J. Mod. Phys. A ll, 2263 (1996),
hep-ph/9502353.
[90] F. Pisano, Mod. Phys. Lett. A ll, 2639 (1996), hep-ph/9609358.
[91] D. Gomez Dumm, Phys. Lett. B411, 313 (1997), h.ep-ph/9709245.
[92] P. H. Frampton, Int. J. Mod. Phys. A13, 2345 (1998), hep-ph/9711281.
[93] F. Pisano, J. A. Silva-Sobrinho, and M. D. Tonasse, Phys. Rev. D58, 057703
(1998), hep-ph/9805407.
[94] N. A. Ky, H. N. Long, and D. V. Soa, Phys. Lett. B486, 140 (2000),
hep-ph/0007010.
[95] H. N. Long and T. Inami, Phys. Rev. D61, 075002 (2000), hep-ph/9902475.
[96] T. Kitabayashi and M. Yasue, Nucl. Phys. B609, 61 (2001), hep-ph/0103265.
[97] J. C. Montero, V. Pleitez, and M. C. Rodriguez, Phys. Rev. D65, 035006 (2002),
hep-ph/0012178.
[98] R. A. Diaz, R. Martinez, and J. A. Rodriguez, Phys. Lett. B552, 287 (2003),
h e p -p h /0 2 0 8 176.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

94
[99] A. Gusso, C. A. de S. Pires, and P. S. Rodrigues da Silva, J. Phys. G30, 37 (2004),
h e p -p h /0208062.
[100] M. A. Perez, G. Tavares-Velasco, and J. J. Toscano, Phys. Rev. D69, 115004
(2004), hep-ph/0402156.
[101] J. C. Montero, F. Pisano, and V. Pleitez, Phys. Rev. D47, 2918 (1993),
h e p -p h /9 2 12271.
[102] R. Foot, H. N. Long, and T. A. Tran, Phys. Rev. D50,34 (1994), hep-ph/9402243.
[103] H. N. Long, Phys. Rev. D53, 437 (1996), hep-ph/9504274.
[104] H. N. Long, Phys. Rev. D54,4691 (1996), hep-ph/9607439.
[105] V. Pleitez, Phys. Rev. D53, 514 (1996), hep-ph/9412304.
[106] W. A. Ponce, Y. Giraldo, and L. A. Sanchez, Phys. Rev. D67, 075001 (2003),
h e p -p h /0 2 10026.
[107] M. B. Tully and G. C. Joshi, Phys. Rev. D64, 011301 (2001), hep-ph/0011172.
[108] L. A. Sanchez, W. A. Ponce, and R. Martinez, Phys. Rev. D64, 075013 (2001),
h e p -p h /0 103244.
[109] R. Martinez, W. A. Ponce, and L. A. Sanchez, Phys. Rev. D65, 055013 (2002),
h e p -p h /0 110246.
[110] M. Ozer, Phys. Rev. D54, 1143 (1996).
[111] T. Kitabayashi, Phys. Rev. D64, 057301 (2001), hep-ph/0103195.
[112] R. A. Diaz, R. Martinez, and F. Ochoa, Phys. Rev. D69, 095009 (2004),
h e p -p h /0309280.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

95
[113] S. L. Glashow and S. Weinberg, Phys. Rev. D15, 1958 (1977).
[114] H. Fritzsch, Phys. Lett. B73, 317 (1978).
[115] H. Fritzsch, Nucl. Phys. B155, 189 (1979).
[116] L.-F. Li, Phys. Lett. B84,461 (1979).
[117] T. P. Cheng and M. Sher, Phys. Rev. D35, 3484 (1987).
[118] M. Sher and Y. Yuan, Phys. Rev. D44, 1461 (1991).
[119] R. A. Diaz, R. Martinez, and J. A. Rodriguez, Phys. Rev. D67, 075011 (2003),
hep-ph/0208117.
[120] L. Lavoura, Eur. Phys. J. C29, 191 (2003), hep-ph/0302221.
[121] F. Ochoa and R. Martinez, Phys. Rev. D72, 035010 (2005), hep-ph/0505027.
[122] P. Van Dong and H. N. Long, Eur. Phys. J. C42, 325 (2005), hep-ph/0506022.
[123] M. Ambrosio et al. (MACRO), Phys. Lett. B566, 35 (2003), hep-ex/0304037.
[124] Y. Ashie et al. (Super-Kamiokande), Phys. Rev. Lett. 93, 101801 (2004),
hep-ex/0404034.
[125] Y. Ashie et al. (Super-Kamiokande),

Phys. Rev. D71,

112005 (2005),

hep-ex/0501064.
[126] E. Aliu et al. (K2K), Phys. Rev. Lett. 94, 081802 (2005), hep-ex/0411038.
[127] W. W. M. Allison et al. (Soudan-2),

Phys. Rev. D72, 052005 (2005),

h e p - e x /0507068.
[128] J. K. Nelson (2006), private communication.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

96
[129] B. Pontecorvo, Sov. Phys. JETP 10, 1236 (1960).
[130] Z. Maki, M. Nakagawa, and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).
[131] S. N. Ahmed et al. (SNO), Phys. Rev. Lett. 92, 181301 (2004), n u cl-e x /0 3 0 9 0 0 4 .
[132] T.

Araki

et

al.

(KamLAND),

Phys.

Rev.

Lett.

94,

081801

(2005),

h e p - e x /0406035.
[133] J. Hosaka et al. (Super-Kamkiokande), Phys. Rev. D73,

112001 (2006),

hep-ex/0508053.
[134] M. Apollonio et al. (CHOOZ), Phys. Lett. B466, 415 (1999), hep-ex/9907037.
[135] M. Apollonio et al., Eur. Phys. J. C27, 331 (2003), hep-ex/0301017.
[136] J. K. Nelson et al. (MINOS) (2006), presented at Neutrino 2006, Santa Fe, NM.
[137] G. Barenboim, L. Borissov, J. D. Lykken, and A. Y. Smirnov, JH E P 10,001 (2002),
h e p -p h /0 108199.
[138] H. Dehmelt, R. Mittleman, J. van Dyck, R. S., and P. Schwinberg, Phys. Rev. Lett.

83, 4694 (1999), hep-ph/9906262.
[139] V. Barger, D. Maifatia, and K. Whisnant, Phys. Lett. B576, 303 (2003),
hep-ph/0308299.
[140] D. L. Anderson, C. D. Carone, and M. Sher, Phys. Rev. D67, 115013 (2003),
hep-ph/0303215.
[141] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[142] J. F. Gunion, H. E. Haber, G. L. Kane, and S. Dawson (1989), sCIPP-89/13.
[143] S. Dawson, J. F. Gunion, and H. E. Haber, Phys. Rev. D41, 2844 (1990).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

97
[144] S. Egli et al. (SINDRUM), Phys. Lett. B222, 533 (1989).
[145] M. Davier and H. Nguyen Ngoc, Phys. Lett. B229, 150 (1989).
[146] S. L. Glashow and S. Weinberg, Phys. Rev. D 15, 1958 (1977).
[147] F. Larios, G. Tavares-Velasco, and C. P. Yuan, Phys. Rev. D64, 055004 (2001),
hep-ph/0103292.
[148] F. Larios, G. Tavares-Velasco, and C. P. Yuan, Phys. Rev. D66, 075006 (2002),
hep-ph/0205204.
[149] J. Prades and A. Pich, Phys. Lett. B245, 117 (1990).
[150] A. Pich, J. Prades, and P. Yepes, Nucl. Phys. B388, 31 (1992).
[151] L. J. Hall and M. B. Wise, Nucl. Phys. B187, 397 (1981).
[152] J. M. Frere, J. A. M. Vermaseren, and M. B. Gavela, Phys. Lett. B103, 129 (1981).
[153] B. Grzadkowski and J. Pawelczyk, Phys. Lett. B300, 387 (1993).
[154] A. G. Cohen and A. V. Manohar, Phys. Lett. B143,481 (1984).
[155] J. L. Goity, Nucl. Phys. B315, 361 (1989).
[156] N. J. Baker et al., Phys. Rev. Lett. 59, 2832 (1987).
[157] C. Alliegro et al., Phys. Rev. Lett. 6 8 , 278 (1992).
[158] Y. Asano et al., Phys. Lett. B107, 159 (1981).
[159] M. S. Atiya et al., Phys. Rev. Lett. 64,21 (1990).
[160] S. Adler et al. (E787), Phys. Lett. B537, 211 (2002), hep-ex/0201037.
[161] G. D. Barr et al. (NA31), Phys. Lett. B235, 356 (1990).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

98
[162] K. Abe et al. (BELLE), Phys. Rev. Lett. 8 8 , 021801 (2002), hep-ex/0109026.
[163] R. Ammar et al. (CLEO), Phys. Rev. Lett. 87,271801 (2001), hep-ex/0106038.
[164] C. Rosenzweig, J. Schechter, and C. G. Trahern, Phys. Rev. D21, 3388 (1980).
[165] P. Di Vecchia and G. Veneziano, Nucl. Phys. B 171,253 (1980).
[166] E. Witten, Ann. Phys. 128, 363 (1980).
[167] A. Bazarko (2003), private communication.
[168] K. Hagiwara et al. (Particle Data Group), Phys. Rev. D 6 6 , 010001 (2002).
[169] A. G. Akeroyd, Phys. Lett. B368, 89 (1996), h e p -p h /9 5 11347.
[170] A. G. Akeroyd, Nucl. Phys. B544, 557 (1999), hep-ph/9806337.
[171] L. Brucher and R. Santos, Eur. Phys. J. C12, 87 (2000), hep-ph/9907434.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

VITA

David L. Anderson

David Lawrence Anderson was bom on March 15, 1980 in Cedar Falls, Iowa. He
graduated from Gustavus Adolphus College with a Bachelor’s Degree in Physics in 2001.
David entered the graduate program at The College of William & Mary in the August
2001. He received a Master’s Degree in Physics from The College of William & Mary in
May 2003. This thesis was defended July 5th, 2006. He is noted for wearing a plain blue
baseball hat.

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

